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Abstract

Background—The neurotoxicity of elemental mercury (Hg®) is well-recognized, but it is
uncertain whether and for how long neurotoxicity persists; among studies that evaluated
previously exposed workers, only one examined workers during and also years after exposure
ceased.

Objective—To document the type, frequency, and dose-relatedness of objective neurological
effects in currently exposed mercury workers and thereby provide first approximations of the
effects one would have expected in previously exposed workers evaluated during exposure.

Methods—We systematically reviewed studies of neurotoxicity in currently exposed mercury
workers identified by searching MEDLINE (1950 —2015), government reports, textbook chapters,
and references cited therein; dental cohorts were not included. Outcomes on physical examination
(PE), neurobehavioral (NB) tests and electrophysiological studies were extracted and evaluated for
consistency and dose-relatedness.

Results—Forty-five eligible studies were identified, comprising over 3000 workers chronically
exposed to a range of Hg? concentrations (0.002 to 1.7 mg/m3). Effects that demonstrated
consistency across studies and increased frequency across urine mercury levels (<50; 50-100;
100-200; = 200 pg/L) included tremor, impaired coordination, and abnormal reflexes on PE, and
reduced performance on NB tests of tremor, manual dexterity and motor speed. The data suggest
response thresholds of Upg ~275 pg/L for PE findings and ~20 ug/L for NB outcomes.

Conclusion—These results indicate that PE is of particular value for assessing workers with U
> 200 pg/L, while NB testing is more appropriate for those with lower Uy levels. They also
provide benchmarks to which findings in workers with historical exposure can be compared.
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Haven, Connecticut, USA. Tel: 203-777-6611; cheryl.fields@yale.edu.
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Introduction

Elemental mercury (Hg®) is among the most recognized of neurotoxicants; various
neurological effects have been documented in numerous cohorts occupationally exposed to
its vapor (World Health Organization (WHO) 1991). Epidemiological studies of workers
with long-term, ongoing exposure have reported disturbances of the central and peripheral
nervous system, including objective findings of tremor and incoordination (Smith et al.
1970; Langolf et al. 1978; Roels et al. 1982; Fawer et al. 1983; Roels et al. 1985; Ehrenberg
et al. 1991) peripheral neuropathy with abnormal motor and/or sensory nerve conduction
(Angotzi et al. 1981; Albers et al. 1982; Levine et al. 1982), and deficits on neurobehavioral
tests of manual dexterity, tapping, and color vision (Langolf et al. 1978; Piikivi et al. 1984;
Liang et al. 1993; Cavalleri et al. 1995; Gunther et al. 1996). While the neurotoxicity of Hg®
is widely appreciated, less well known is whether and for how long objective findings of
toxicity persist following exposure cessation. Review of case studies indicates that elemental
mercury-induced neurotoxicity may be transient, with objective findings normalizing with
the passage of time after exposures cease (Bidstrup et al. 1951; VVroom and Greer 1972;
Wood et al. 1973; Adams et al. 1983; Florentine and Sanfilippo, 11 1991), even in workers
with evidence of massive exposures (e.g. 24-hour urine mercury levels of 1495-7950 ug)
(Bidstrup et al. 1951). Others, however, have published case reports describing the
persistence of neurological abnormalities (White et al. 1993; Cordeiro, Jr. et al. 2003). The
informational value of such reports is limited by their lack of systematic focus and by
potential publication bias (i.e. the tendency to publish significant results rather than null
findings).

In order to better understand the persistence of objective neurological findings resulting
from HgP exposure, we began a systematic review of published occupational cohort studies
that evaluated the neurological health of workers examined years after cessation of long-
term, continuous exposure to elemental mercury. Of the handful of studies so identified, only
one had evaluated neurological effects longitudinally in workers during active exposure and
then again years after the cessation of exposure. That study found no significant differences
between exposed and control subjects’ performance on any of the neurobehavioral measures
of dexterity, speed, attention, and reaction time for either time frame (Ellingsen et al. 2001;
Bast-Pettersen et al. 2005). The remaining studies described the workers’ historical levels of
Hg? exposure, but only the results of neurological examinations performed after the
cessation of those historical (i.e. ‘previous’) exposures. They reported sometimes significant,
but seemingly inconsistent findings and, as a group, they have not been the subject of critical
review or comparison. Moreover, because none of these studies evaluated the neurological
status of the study workers while they were being actively exposed, they could not directly
answer guestions about the persistence of Hg® —induced neurological effects. In other words,
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it is uncertain whether reported findings represent a change from the workers’ neurological
status during active exposure.

Accordingly, we adopted an indirect, two-step approach to address the question of
persistence. In the first step, we estimated the neurological effects one would have found in
the “previously-exposed’ workers had they been examined while they were being exposed.
To do that, we performed a systematic review of the medical literature to identify studies that
described neurological findings in groups of workers during on-going HgP exposure (i.e.
‘currently-exposed” workers). Identified studies were stratified into four exposure categories
according to group mean urine mercury (Uyg) levels. We then documented the type and
frequency of objective neurological effects reported among the groups of workers belonging
to each exposure category. Those dose-related findings in “‘currently-exposed’ workers
provide a first approximation of the neurological effects one would expect to find in the
‘previously-exposed’ workers had they been examined during active exposure to comparable
levels of HgP. In the second step, we compared the type and frequency of dose-related
neurological findings reported in those studies of ‘currently-exposed’ workers with the
corresponding findings reported in the “previous-exposure’ studies. Differences or
similarities in the prevalence of specific neurological findings could thus serve as indirect
measures of their persistence over time.

The present report describes the methods and findings of the “first step’, the systematic
evaluation of the range, consistency, and dose-relatedness of motor and sensory effects in
workers currently exposed'to various levels of Hg®. Additional objectives included
identification of the specific tests that best demonstrated sensitivity, specificity and
reliability to detect neurological effects among workers with a wide range of Hg® exposure.
Because of differences in neurological testing (e.g. different tests or test protocols) and in
the reporting of results (e.g. some studies reported results of individual tests, others reported
results for functional domains), the studies are not amenable to formal meta-analysis.
Instead, study data was distilled into tabular format and then organized in ways that would
allow the types of neurological effects and related exposure levels to be identified. A
companion paper presents the comparison of these findings with the corresponding results
from studies of workers previously exposedto elemental mercury.

Identification and selection of studies

We performed a comprehensive literature search to identify studies describing neurological
effects in workers exposed to elemental mercury. Studies were located by searching
MEDLINE (1950 — July 15, 2015) using multiple search terms: neurotoxicity or toxicity or
health effects; and elemental mercury or mercury vapor or occupational exposure to mercury
vapor. We also examined international and government agency reports (Friberg and Vostal
1971; WHO 1991; Agency for Toxic Substances and Disease Registry (ATSDR) 1999;
International Programme on Chemical Safety (IPCS) 2003; American Conference of
Governmental Industrial Hygienists (ACGIH) 2013), relevant book chapters (Berlin 1986;
Feldman 1999), and reviewed reference lists from identified studies to ensure that all
relevant studies were included in this review. Included for analysis were peer-reviewed
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studies in English, French, German, Italian, Portuguese, and Japanese languages that
described: 1) workers with ongoing occupational exposure to Hg® vapor, but not other forms
of mercury, generally for at least 3 months; 2) the level of Hg® exposure documented by
measurements of mercury in urine, blood, or workplace air; 3) neurological effects involving
motor function and/or sensory function; 4) testing methods and objective neurological
findings from evaluations performed during active exposure, with the exception of two
studies that examined workers after a break in exposure (Chang et al. 1995; Pranjic et al.
2003). Information from non-peer-reviewed publications was considered if it pertained to an
eligible study.

We did not include studies of dental cohorts. The low-level exposures from mercury-
containing dental amalgam result in urine Hg levels that overlap those of the US general
population (Wang et al. 2012). Moreover, many dentists and dental technicians have
occupational exposures to other neurotoxic agents, including nitrous oxide (National
Institute for Occupational Safety and Health (NIOSH) 2015), an anesthetic associated with
impaired neurobehavioral performance (Lucchini et al. 1996) and increased risk of
neurological disease (Cohen et al. 1980), and methyl methacrylate, a monomer widely used
in dentistry that has been associated with sensorimotor neuropathy (Verkkala et al. 1983;
Seppalainen and Rajaniemi 1984; Rajaniemi 1986).

Our analysis focused on objective motor and sensory effects that could be measured using
validated methods; studies that reported only symptoms, not signs of neurotoxicity were
excluded. ‘Symptoms’ are subjective complaints (e.g. anxiety, headache, pain) perceivable
only to the individual experiencing them. By contrast, ‘signs’ are objective findings that
provide evidence of disease (e.g. unsteady gait, reflex abnormalities, tremor) perceivable to
the patient and outside observers, and are generally measurable qualitatively (e.g. Romberg)
or quantitatively (e.g. nerve conduction velocity) using clinical, neurobehavioral, and/or
electrophysiological examinations. In addition, some study authors qualified their findings
as either “clinical’ or ‘subclinical’. Unless otherwise stated, we assumed these terms were
used in accordance with the following definition: * Subclinical toxicity refers to exposure-
induced adverse effects that are too small to produce signs and symptoms evident in a
standard clinical examination’ (National Research Council 1992). We did not consider
neurological effects related to memory and cognitive function, as these findings were the
subject of a meta-analysis (Meyer-Baron et al. 2002) and systematic review (Meyer-Baron et
al. 2004).

Data extracted from each study were entered into Microsoft Excel spreadsheets and included
information on the descriptive characteristics of study population, study design, exposure
characteristics, testing methods and outcomes of interest, statistical methods, and variables
considered as potential confounders. Studies written in other languages were translated to
English prior to data extraction.

Exposure categorization

Because urine samples are considered ‘the best determinant of body burden...from long-
term exposure to elemental...mercury’ (IPCS 2003), we stratified studies into exposure
categories by their group mean urine mercury (Upg) concentrations measured at or around

Crit Rev Toxicol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fields et al.

Page 5

the time of the neurological examinations and expressed as pg/L. One study reported only
median values (Langworth et al. 1992).

Most studies (70%) reported urine mercury levels in units of pg/L, thus levels reported in
other units were converted to pg/L. For Uyg concentrations reported in relation to creatinine,
conversions were performed assuming a urine creatinine of 1.4 g/L, the mid-point of the
upper and lower bounds on the expected range of creatinine concentrations in the US
population (Barr et al. 2005). If studies reported only 24-hour Uy, levels were converted by
assuming that workers excreted 1.5 L of urine per 24 hours. Finally, if only air HgO levels
were reported, corresponding Uy levels were estimated using the air-to-urine ratio of 1
pg/m3 = 2.3 ug/L; that ratio corresponds to the midpoint of the range reported by the WHO
(1991) for occupational exposures measured using static workplace samplers. Study-specific
conversion methods are detailed in Supplemental Table 1.

Some studies reported findings for more than one group of workers (e.g. two cohorts
included in one study, or one cohort stratified into several groups based on exposure). In
these instances, information for each group was tabulated separately. Thus, some studies
provided more than one study group. Accordingly, our analyses focused on study groups,
which were stratified into the following four categories of exposure selected for their
comparability to the historical exposure levels reported in the previous exposure studies:

High Ung = 200 pg/L;

Medium 100 pg/L < Uy < 200 pg/L,;

Low 50 pg/L < Upg < 100 pg/L;

<BEI Ung < 35 pg/g creatinine ~ <50 pg/L.

The final category (‘<BEI’) refers to the Biological Exposure Index, a health-based
guideline recommended by the ACGIH that ‘generally indicates the concentration below
which nearly all workers should not experience adverse health effects’(ACGIH 2012). Prior
to 2014, the era that included even the most recent of the reviewed studies, the BEI for
elemental mercury was 35 pg/g creatinine (ACGIH 2013; 2014).

Neurological evaluations

Obijective motor and sensory findings described in studies were extracted and tabulated into
three categories reflecting the general types of evaluations used to examine workers:
Physical Examination (PE); Neurobehavioral tests (NB); and Electrophysiological Studies
(EPS). The PE category included mainly qualitative findings from clinical neurological
examination; the NB category included results from functional performance tests that yield
quantitative measures of tremor, motor and sensory functions, color vision, and balance; and
the EPS category included quantitative findings from nerve conduction studies,
electromyography, evoked potentials and electroencephalography. To permit comparisons
across studies, examination findings and test results were further organized by domain (e.g.
motor vs. sensory), and then, when sufficient details were provided, according to specific
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test (e.g. nerve conduction velocity), outcome evaluated (e.g. distal latency) and anatomic
localization (e.g. median sensory nerve).

Tremor, ‘the hallmark of chronic mercury intoxication’ (Greenberg et al. 2003), is of
particular importance for evaluating the effects of Hg® exposure. Tremor can be classified as
‘resting’ or ‘action’, and action tremors can be further distinguished as postural, intention, or
kinetic (National Institute of Neurological Disorders and Stroke (NINDS) 2012). Tremor can
also be characterized according to physiological parameters such as frequency and
amplitude. In this review, studies assessed tremor using PE and/or NB methods that
sometimes also included ‘physiological techniques’ (Wastensson et al. 2006). Tremor
detected on PE was rarely classified by study authors, and fewer still included the criteria
used to distinguish them. By contrast, as described below, studies used a variety of NB
functional performance tests to document and classify tremor and describe its parameters:

1. Tests of hand-eye coordination: These tests, which assess motor steadiness,
included computer-based tests of static steadiness, aiming (e.g. hole tremor-
meter) and tracking (e.g. laser-based system with visual feedback), and non-
computerized tests that involve drawing of visually presented materials (e.g.
Bender visual-motor gestalt test (BGT), and Benton visual retention test (B-
VRT). Outcomes on tests of static steadiness, aiming, and tracking/drawing have
been used to classify tremor as postural, intention, or kinetic, respectively (Louis
et al. 2000; Louis 2007; Buijink et al. 2012; NINDS 2012; Gonzalez-Usigli &
Espay 2013; Sternberg et al. 2013).

2. Physiological techniques: These methods, which involve the attachment of
sensors to directly measure displacement while subjects perform tests of hand-
eye coordination similar to those listed above, included the use of
accelerometers, force transducers, and laser-based systems. The two most
commonly reported physiological parameters, frequency and amplitude, have
been used to characterize the etiology and severity of tremor (Berme et al. 1999;
Louis & Pullman 2001; Gonzalez-Usigli & Espay 2013).

The interpretation of results from hand-eye coordination tests sometimes varied across
studies, even when apparently similar results were obtained using the same instruments and
similar protocols. For example, five studies evaluated tremor using a ‘static steadiness test’
(e.g. ‘hole-tremor-meter’): two described abnormal results as evidence of “intention’ tremor
(\Verberk et al. 1986; Ellingsen et al. 2001), while three described them as ‘postural’ tremor
(Roels et al. 1982, 1989; Pranjic et al. 2003). To address such apparent inconsistencies, as
well as differences in test methods and/or protocols, we evaluated tremor-related results as
follows:

1. We first determined the dose-relatedness of tremor without regard to its
classification or characteristics;

2. We then analyzed the dose-relatedness of tremor as categorized according to the
classification shown in Table 1. Alternatively, because some authors’ tremor
classifications differed from Table 1, we also performed these analyses using the
classifications of tremor as reported by those authors;
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3. Finally, we analyzed the dose-relatedness of tremor according to reported
parametric characteristics (e.g. frequency and amplitude). Tremor parameters
reported in fewer than three studies were not tabulated.

Studies used a variety of NB functional performance tests to evaluate motor skills other than
steadiness (used to detect tremor). Tests included those that assess only mator skills (i.e.
motor coordination, dexterity, and speed) and those that assess motor ability as well as other
abilities such as correct perception/information processing (i.e. perceptual motor speed,
attention and reaction time). Because the latter set of tests does not provide information
exclusively about motor function, we analysed those results (referred to as ‘motor accuracy’)
separately from the results of tests that assessed only motor skills (referred to as ‘motor
function’) (Goldstein and Sanders, 2004).

A different analytical challenge was posed by PE assessments of motor coordination (MC)
because the various studies described 11 different outcomes, including results of six specific
tests (i.e. finger-to-nose; finger-to-finger; heel-to-shin; heel-to-toe; gait; ‘bimanual
coordination’) and five clinical findings (i.e. ‘ataxia’; ‘cerebellar’; dysdiadochokinesia
(DDK); dysarthria; and nystagmus). Cerebellar abnormalities not otherwise associated with
sensory dysfunction (e.g. positive Romberg) were included in our analysis of MC because
tests of coordination ‘are mainly directed toward assessing cerebellar function’ (Reeves and
Swenson 2008b). Most studies reported the total number of workers with one or more
positive MC findings. Two studies (Suwa and Takahata 1969; Bunn et al. 1986) reported
results separately for each of two or more individual tests but did not indicate the total
number of individuals with abnormal MC tests. For those two, we selected the MC
abnormality most frequently reported in each study to be used in calculating the overall
prevalence of impaired MC in our primary analysis. As a precaution, we also performed a
secondary analysis which considered that each of the reported MC abnormalities was
experienced by different workers, discounting the possibility that ‘some workers had more
than one abnormality” as noted in one study (Ehrenberg et al. 1991) and was observable in
several others (Miller et al. 1975; Bunn et al. 1986). Thus, our secondary analysis was highly
conservative, estimating the highest possible prevalence by summing the number of workers
for all reported MC abnormalities. Similar to our analysis of tremor, MC abnormalities were
analyzed as follows:

1. We first determined the dose-relatedness of MC findings without regard to the
type of outcome reported.

2. We then analyzed the dose-relatedness of each MC abnormality described in
three or more studies: gait; nystagmus; finger-to-nose; heel-to-shin; ataxia; and
DDK (Supplemental Table 8b). These were the terms used in the studies to
describe these abnormalities; we recognize that some of these items may not be
mutually exclusive (Reeves and Swenson 2008a; Stern 2010a).

Analytical methods

Most studies described results of PE, NB, and EPS based on two broad types of
comparisons: (1) the proportion of exposed workers with an ‘abnormal’ effect (e.g. tremor)
or an aggregate of effects (e.g. impaired coordination) compared to non-exposed controls or
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literature-based normative values; and (2) the mean or median values of quantitative results
of NB and EPS in groups of exposed workers compared to controls or literature-based
norms. Exposure correlations resulting from both types of comparisons were also evaluated
in some studies. We refer to such comparisons as ‘ exposure effects’.

A smaller number of studies evaluated the dose-response gradients of effects and/or test
results across worker subgroups characterized by differing levels or patterns of exposure. We
refer to such analyses as * dose effects’.

We report the statistical significance of such comparisons as presented in the original
studies; significance was defined as p<0.05 using two-tailed statistical tests in all but two
studies, which set alpha at p<0.10 (Miller et al. 1975; Langolf et al. 1978). However, some
studies did not report statistical significance. In particular, studies that evaluated workers
using PE characterized findings on the basis of clinical gestalt, and most reported ‘abnormal’
findings on the basis of the “clinical significance’, not statistical significance. In those cases,
we simply report their results without statistical interpretation. By contrast, NB and EPS
yielded objective quantitative results amenable to statistical analyses.

We evaluated study results qualitatively; results categorized as “positive’ included those that
were statistically significantly associated with exposure (e.g. increased prevalence in
exposed workers vs. controls, or positively correlated with exposure) and those that were
judged “abnormal’ on the basis of clinical gestalt. The ‘null’ category included results that
were not statistically significant or were otherwise described as ‘normal’ on the basis of
clinical gestalt. Results that suggested a significantly protective effect of exposure were
specifically noted as “paradoxical’.

Dose-relatedness—We evaluated the dose-relatedness of neurological effects using three
approaches, based on the availability of individual (preferred) or group-level data.

1. Dose-relatedness of ‘exposure effects’: For each type of evaluation (PE, NB and
EPS), we assessed the proportion of study groups (among those so evaluated)
with ‘positive’ findings overall and within each of the four categories of exposure
(i.e. “High’, ‘Medium’, ‘Low’, and ‘<BEI"). A similar dose-related analysis was
performed for each of the most frequently reported outcomes, i.e. described in 10
or more study groups (e.g. tremor, motor coordination and motor accuracy). For
these analyses, we assumed that studies would have reported the results of
neurological evaluations if they had been clinically abnormal and/or statistically
significant. Thus, for studies that described performing neurological evaluations/
testing specific outcomes but did not report results, we categorized those results
as ‘null’.

For the analyses of NB findings, we evaluated the dose-relatedness for each of
the three most frequently reported findings: NB tremor, motor function, and
motor accuracy. In our primary analysis, the results of tests of motor steadiness
(Johnson and Baker 1987) were considered ‘secondary’ evidence of tremor (i.e.
tests of static steadiness, aiming, tracking, and drawing) and were thus analyzed
separately from other tests of motor function. As a secondary analysis, the results
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from tests of motor steadiness were included with the other tests of motor
function.

2. Dose-relatedness of ‘dose effects’: We summarized the ‘dose effects’ reported in
individual studies that evaluated the dose-response gradients of neurological
findings based on one or both of two general types of analyses:

a. Exposure Correlation: correlations between specific neurological
outcomes and various exposure metrics (e.g. average Upg; cumulative
Ung; peak Upg);

b. Exposure Intensity: comparisons of the prevalence of abnormal findings
across categorical levels of exposure (e.9. Upg <50 pg/L vs. > 50 pg/L),
or comparisons of mean Upgq levels of workers with and without
specific abnormalities.

3. Prevalence analyses: The above analyses provided information about dose-
relatedness of abnormal findings among studies and study groups, but did not
indicate the actual number of workers affected. To gain additional perspective on
dose-relatedness, we planned to evaluate prevalence data for each of the most
frequently reported outcomes on PE, NB, and EPS. Most studies reported PE
data amenable to determining the prevalence of specific effects among workers.
By contrast, few studies reported the number of workers with NB and EPS
abnormalities, instead reporting group mean values of quantitative test results.
Thus, our analysis of prevalence was limited to PE outcomes reported in 10 or
more study groups: tremor, abnormal deep tendon reflexes (DTRs), and impaired
MC.

a. Because tremor is considered the ‘classical neurological sign’ (WHO
1991) and “hallmark’ (Greenberg et al. 2003) of mercury intoxication, it
seemed very unlikely that studies would not have looked for it. Thus,
for our primary analysis, we assumed that all studies that performed PE
had looked for the presence of tremor. As a secondary analysis, we
evaluated only those studies that specifically indicated they had looked
for tremor.

b. By contrast, abnormal DTRs and impaired MC have been less
frequently described as “classical’, “hallmark’ or “principal’ effects of
mercury intoxication (WHO 1991; ATSDR 1999; Wastensson 2010).
Thus, we did not assume that all studies that performed PEs had
evaluated them; calculations of prevalence were limited to data from
those studies that specifically described testing of DTRs and/or MC.

For each of the three PE findings, we present the prevalence reported in individual studies
stratified by group mean Upg, and calculate the prevalence in all studies combined and
across the four categories of exposure.
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Assessment of study quality

Because of our interest in characterizing neurological effects across the widest range of
exposures, we necessarily included studies of variable quality. To determine whether study
quality affected analytical results we used a qualitative approach: studies were stratified into
3 tiers based on their use and appropriateness of control groups, inclusion/exclusion criteria,
and analytical methods to minimize confounding. Tier 1 (highest quality) studies employed
concurrent, matched controls and excluded workers with underlying medical causes of
neuropathy or neurological disease. Tier 2 included two groups of studies: a) those that
employed concurrent, matched controls, but did not employ exclusion criteria; and b) those
that employed only non-concurrent or unmatched controls. Tier 3 studies did not use
controls and most did not employ exclusion criteria. For each study, tier rankings were
assessed separately for each type of neurological evaluation performed (PE, NB, EPS).

In addition to evaluating the effects of study quality, we assessed the possibility that factors
other than dose might explain (1) trends observed in the frequency of positive results
stratified across the four categories of exposure, and (2) differences between studies that
reported positive vs. null results vs. studies that did not report their results vs. studies that
did not perform evaluations. We evaluated the influence of the weighted averages of group
mean Upgq levels, age, and study quality Tier ratings on outcomes for each type of
neurological evaluation (PE, NB, EPS). The large database on PE findings for tremor
allowed us to evaluate the impacts of study group size and on tremor prevalence.

Results

Included studies

A total of 434 articles were identified in our initial search and review. Screening of titles and
abstracts revealed 140 papers of potential relevance; in-depth inspection of these articles
identified 57 published studies from 16 countries that described neurological effects in
workers with current or recent on-going exposure to Hg® and met our criteria. Ten studies
described cohorts that were the subject of multiple publications: Angotzi (Angotzi et al.
1980, 1981; Camerino et al. 1981); Bidstrup (Bidstrup et al. 1951; Locket & Nazroo 1952);
Bunn (McGill et al. 1964; Bunn et al. 1986); Cavalleri (Cavalleri et al. 1995; Cavalleri &
Gobba 1998); Langolf (Langolf et al. 1978, 1981); McCullough (McCullough and Dick
1999, McCullough et al. 2001); Miller (Chaffin et al. 1973; Miller et al. 1975); Piikivi
(Piikivi & Hanninen 1989; Piikivi & Tolonen 1989) Urban (Urban et al. 1996; Urban et al.
1999; Nerudova et al. 2000); and Wastensson (Wastensson et al. 2006, 2008). For each of
those studies, data from the multiple publications were combined and treated as a single
study; thus yielding a total of 45 distinct studies. Among those 45 studies, nine described
findings for more than one study group. There were four that each described findings from
two distinct cohorts (Gambini 1978; Roels et al. 1985; Bunn et al. 1986; Urban et al. 1999);
we evaluated each of those four additional cohorts separately. In addition, seven studies each
reported results for two or more groups categorized by exposure level (Bidstrup et al. 1951;
Smith et al. 1970; Gambini 1978; Roels et al. 1985; Bunn et al. 1986; Soleo et al. 1990;
Gunther et al. 1996; Tang and Li 2006); yielding a total of 16 study groups which we
evaluated separately. Finally, four studies (Miller et al. 1975; Langolf et al. 1978; Albers et
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al. 1982; Levine et al. 1982) described findings in workers from the same chloralkali
facilities studied over a six-year period (Langolf et al. 1981). However, because the numbers
of workers, examinations, and tests performed differed across those studies such that they
could not be combined into a single cohort, we evaluated them as four separate cohorts.

Thus, our review includes 45 published studies that evaluated the motor and sensory
neurological effects in 48 distinct cohorts and one case-control study, with findings
described in 58 specific study groups. Table 2 presents the descriptive characteristics for
those studies, cohorts, and study groups. The majority of the studies were cross-sectional,
but seven observed cohorts longitudinally. Studies were performed in a variety of industrial
settings, including chloralkali facilities (n=25), factories manufacturing Hg-lamps (n=5) and
thermometers (n=6), and mercury mines, mills and distillers (n=7), and described findings in
a total of 3165 “currently-exposed’ mostly male workers and 2114 ‘non-exposed’ controls.

Five of the studies deserve special note because they are not directly comparable to the
others. Gunther et al. (1996) assessed workers prospectively, reporting results from four
different testing periods; we tabulated findings as positive if they were statistically
significant for at least two of the testing periods. Chang et al. (1995) evaluated workers 40—
70 days after their last exposure, while Pranjic et al. (2003) performed evaluations 90-180
days after their last exposure. Vroom and Greer (1972) examined only the ‘most severely
affected’ workers from an untold number of symptomatic employees of a thermometer
factory. This study was included for its descriptive value: it was the only study of highly
exposed workers that detailed individual-level results for all three types of testing (PE, NB,
and EPS). However, because of obvious selection bias, results were not included in analyses
of prevalence. Albers et al. (1982) was the only study that used a nested case-control design
to evaluate the dose-relatedness of results for PE, NB and EPS in an unspecified number of
exposed and unexposed workers. It contrasted findings among those with clinical evidence
of peripheral neuropathy (PN) vs. those without. However, they reported only the Upg levels
for exposed and unexposed workers combined. Workers with PN had Uy levels >250 ug/L
in the previous year, and thus most certainly represented a High Exposure group. Therefore
we discuss the study to document qualitative effects of dose, but do not include it in our
analyses of dose or prevalence.

Study subjects

The basis for the selection of exposed workers and controls differed across cohorts. In 41%
(20/49) of cohorts, workers were unselected, i.e. the cohorts included either the entire
workforce or its random sample. In another 29% (14/49), workers were selected on the basis
of duration and/or level of exposure. In one cohort, workers with the most severe signs and
symptoms were selected (Vroom & Greer 1972). In the remaining cohorts, studies did not
describe inclusion criteria and it was therefore unclear whether the workers studied were
representative of the entire worker populations.

For most cohorts (41 of 49), a “non-exposed’ control group was included for comparison in
at least one type of testing (PE, NB, and EPS). However, in six cohorts, the controls had
possible historical (Miller et al. 1975; Soleo et al. 1990) and/or current Hg® exposure
(Rentos and Seligman 1968; El-Sadik and Abdel-Aziz 1970; Smith et al. 1970; Langolf et
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al. 1978), as evidenced by individual or group mean Upgq levels that were greater than
generally accepted upper background limits in non-exposed adult populations (e.g. 20 pg/L)
(US Environmental Protection Agency (EPA) 1984; ATSDR 1999; US EPA 2012).
Nevertheless, comparative U levels in the exposed groups were nearly 3-to 23-fold higher
than their respective ‘non-exposed’ control groups.

In sixteen cohorts (33%), workers were excluded who had underlying medical disorders
commonly associated with neurological abnormalities (e.g. diabetes; renal failure; head
trauma; alcohol abuse; specific medications) and of these, most also excluded workers with a
history of occupational exposure to other neurotoxicants (e.g. lead, solvents). In five other
cohorts, only limited exclusion criteria were applied (Roels et al. 1982; Gonzalez-Fernandez
et al. 1984, Piikivi et al. 1984; Verberk et al. 1986; Cavalleri et al. 1995). In the remaining
27 cohorts such a priori exclusions were not utilized, although eight acknowledged the
possible adverse effects of conditions such as diabetes, alcohol abuse, and family or personal
history of neurological disorders (Vroom & Greer 1972; Gilioli et al. 1976; Zedda et al.
1980; Angotzi et al. 1981; Roels et al. 1982; Bunn et al. 1986; Soleo et al. 1990; Urban et al.
1996). Among 35 cohorts evaluated using NB and/or EPS evaluations, 24 (69%) used either
matching or statistical analyses to control for the possible effects of height, weight,
education, smoking, consumption of alcohol and caffeine, and use of tremorigenic
medications (e.g. adrenergic asthma medications, thyroid hormone) on specific outcomes.
The quality rankings (i.e. Tiers) of studies are shown in Table 2; the individual components
of those rankings (use and appropriateness of control groups, inclusion/exclusion criteria,
and analytical methods of minimize confounding) are detailed in Supplemental Table 2.

Exposure assessment

Studies used a variety of approaches to characterize worker exposure levels and determine
exposure characteristics associated with neurological abnormalities. Most studies reported
measurements of Uyg; a smaller number considered blood mercury (Byg) and/or air Hg?
(Table 2). In 25 cohorts (51%), exposure was characterized on the basis of a single urine
sample. In the other 24 cohorts, multiple Upq samples were obtained over time, and
exposure was assessed in terms of group or individual mean, peak (i.e. number of times Upg
levels exceeded a given threshold), or cumulative (e.g. sum of all monthly Uy levels) values
determined for a specific period of time (e.g. previous 3-, 6-, 12-, or 24-months). Exposure
levels reported in individual studies are summarized by highest to lowest Upg in
Supplemental Table 1; Supplemental Tables 3 and 4 detail the study-specific methods used
to evaluate exposure.

Correlations among various exposure metrics were assessed in 15 of 49 cohorts
(Supplemental Table 5). Current mean Upq levels were significantly and consistently
correlated with current By levels (Miller et al. 1975; Roels et al. 1982; Triebig and Schaller
1982; Fawer et al. 1983; Piikivi et al. 1984; Roels et al. 1985, 1989) and current air Hg?
levels (Smith et al. 1970; Gambini 1978; Gonzalez-Fernandez et al. 1984; Ehrenberg et al.
1991). Significant associations were also found with measures of peak Upg levels (Piikivi et
al. 1984) and with Upg averaged over various time periods (Piikivi et al. 1984; Wastensson
et al. 2006). By contrast, current Upg was not significantly correlated with cumulative urine
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levels (Wastensson et al. 2006). Exposure duration was also not significantly correlated with
any of ten biological exposure metrics including current Upg and cumulative Upg (Miller et
al. 1975; Piikivi et al. 1984; Langworth et al. 1992; Wastensson et al. 2006).

The exposure characteristics and distribution of study groups, cohorts, studies and exposed
workers across the four exposure categories are shown in Table 3.

Neurological evaluations

The neurological findings described in the studies are presented below, grouped according to
type of evaluation (PE, NB, and EPS). For each type of evaluation, the reported findings are
summarized according to exposure categories.

Physical examination—PE was performed in 35 of 44 cohort studies (46 of 57 study
groups) to evaluate neurological effects in 3724 workers (2480 exposed, 1244 controls).
Exposed workers ranged in age from 18 to 71 years (weighted average mean: 38 years). PE
was also performed in one nested case-control study of 138 workers (Albers et al. 1982).
Most studies included comprehensive clinical neurological exams with mainly qualitative
results reported as ‘normal’, ‘abnormal’ or ‘equivocal’. Semi-quantitative scales were used
to judge strength (e.g. 0-5) and deep tendon reflexes (e.g. “absent’, *‘diminished’, ‘normal’,
or ‘hyperactive’). Only 20 of the 36 studies (56%) evaluated non-exposed ‘controls’ and
only nine (25%) performed statistical analyses to determine whether abnormalities in
exposed workers were significantly increased compared to controls (Smith et al. 1970;
Gambini 1978; Ehrenberg et al. 1991; Langworth et al. 1992; Tang & Li 2006; Wastensson
et al. 2006) and/or significantly associated with exposure levels (Miller et al. 1975; Gilioli et
al. 1976; Gambini 1978; Albers et al. 1982; Ehrenberg et al. 1991; Tang & Li 2006).

Studies provided varying levels of detail. Some reported results for each test (e.g. finger-to-
nose), others reported results grouped by functional domains (e.g. motor coordination or
sensory function), and a few described only aggregated findings (e.g. ‘conventional medical
examinations failed to detect any neurotoxic effects’ (Langolf et al. 1981). Detailed PE
results from each of the individual studies and study groups are available in Supplemental
Tables 6a—d.

Exposure effects: Twenty-one of the 36 studies (35 cohorts and one case-control) described
positive findings on PE in 22 of 47 study groups (Figure 1). As discussed below the
proportion of cohort study groups with at least one positive finding on PE was respectively
0%, 40%, 20% and 79% of the <BEI, Low, Medium and High Exposure groups; similar
dose-related trends were seen for each of the most frequently reported PE abnormalities
(Table 4).

High Exposure: PEs were performed in 19 of the 20 High Exposure cohort study groups.
Positive findings were described in 15 of those 19 (79%), of which all reported tremor. As
shown in Figure 1, other abnormalities were found, but less frequently. Of four study groups
that did not report positive findings, three described workers as ‘asymptomatic’ or ‘normal’
(Langolf et al. 1978; Levine et al. 1982; Zampollo et al. 1987) and the fourth, which had
examined workers three to six months after cessation of exposure, did not report exam
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findings (Pranjic et al. 2003). The one study that did not perform PE described exposed
workers (mean Upg: 301 pg/L) and controls as healthy: ‘neither....seemed to be apparently
unhealthy’ (lwata et al. 2007).

In the only nested case-control study, which compared workers with peripheral neuropathy
(PN) vs. workers without PN, Albers et al. (1982) reported significantly increased
prevalence of tremor, reduced DTRs, decreased sensation (distal vibratory and pin
sensation), and decreased motor strength and tone in those with PN.

Medium Exposure: PEs were performed in 10 of 11 Medium Exposure study groups.
Positive findings were described in two of those 10 groups (20%). Ehrenberg et al. (1991)
found a significantly higher prevalence of impaired MC in exposed workers, a non-
significant increase in tremor (19%), and a significant paradoxical finding for DTRs:
exposed workers had fewer findings of hyporeflexia compared to controls (24% vs. 43%).
Triebig and Schaller (1982) reported tremor in two of 18 workers (11%), but did not evaluate
the significance of the finding. Of the remaining eight study groups, six described only null
findings and two did not report findings. The one study (Schuckmann 1979) that did not
perform physical exams (because study workers had been ‘under routine medical
surveillance”) noted that “clinical intoxications ... are not to be expected’ at the reported
exposure levels (mean Upg: 108 pg/L).

Low Exposure: PEs were performed in 10 of 12 Low Exposure study groups. Four of the 10
(40%) reported positive findings, of which three reported tremor (Gambini 1978; Zedda et
al. 1980; Tang & Li 2006); the fourth reported ‘cerebellar type’ abnormalities in 5% of
exposed workers (Angotzi et al. 1981). Only null exam findings were reported in four study
groups, and exam results were not reported in two other groups. PEs were not performed in
one study (Roels et al. 1985) which evaluated two study groups.

<BEI Exposure: PEs were performed in 7 of the 14 <BEI Exposure study groups. Only null
exam findings were reported for six groups; results were not reported for the seventh
(Gunther et al. 1996). Physical exams were not performed in six studies which evaluated
seven study groups.

Dose-effects: Only 13 of the 21 studies (62%) that described positive findings on PE also
considered the dose-relatedness of their findings (i.e. ‘dose effects’) in 13 cohorts and one
case-control study. All of these studies evaluated the effects of Exposure Intensity, while
only three studies analyzed Exposure Correlations (i.e. the correlation between specific
findings and dose metrics). We did not include data from Miller (1975), a study which
performed PE on only a subset (32 of 142) of workers and found no dose-relatedness for
tremor, DTRs or vibration in comparisons between exposed workers and controls. That
subset included 18 ‘exposed’ workers (mean Upg: 500 pg/L) and 14 “controls’ not exposed
during the prior 6 months (mean Upg: 152 pg/L). However, the study authors noted: “The
Controls...were later found to have excessively high blood and urine mercury levels and
cannot be classified as ‘normal’ controls in general’ (as reported in Chaffin et al. 1973).
Thus, we regarded all 32 of those workers as heavily exposed and, therefore, the study’s PE
findings not amenable to dose-related analyses. The dose-related findings reported within
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individual studies are discussed below; summary findings for specific outcomes are
presented in the far-right column of Table 4. For additional perspective on dose-relatedness,
we present results of our analyses of prevalence for the three most frequently reported PE
abnormalities (tremor, MC, and DTRS).

Exposure intensity: The relationship between specific PE abnormalities and Exposure
Intensity was evaluated in eight High Exposure studies (Bidstrup et al. 1951; Rentos &
Seligman 1968; West & Lim 1968; El-Sadik & Abdel-Aziz 1970; Smith et al. 1970; Gilioli
et al. 1976; Bunn et al. 1986; Urban et al. 1999), one Medium Exposure study (Ehrenberg et
al. 1991), two Low Exposure studies which reported findings in three cohorts of workers
(Gambini 1978; Tang & Li 2006), and one case-control study (Albers et al. 1982). Exposure
Intensity was not evaluated in <BEI studies.

Tremor: Ten studies evaluated the dose-relatedness of tremor in eleven cohorts; their
findings are summarized below.

Seven High Exposure studies evaluated the dose-relatedness of tremor; six reported a
positive dose-response. In five of those studies, tremor was largely confined to subsets of the
most highly exposed workers, in whom current individual (Bidstrup et al. 1951; Rentos &
Seligman 1968; West & Lim 1968) or group mean Uy levels (Smith et al. 1970; Urban et
al. 1999) approached or exceeded 300 pug/L. The sixth study reported that prevalence
increased with exposure duration (< 3 vs. > 3 years), but was unrelated to current Upq levels
(El-Sadik & Abdel-Aziz 1970). The seventh study (Bunn et al. 1986) found no evidence that
tremor prevalence was dose-related based on comparisons across three exposure subgroups.

One Medium Exposure study found tremor prevalence to be dose-related. Ehrenberg et al.
(1991) reported that workers with ‘static’ tremor (i.e. postural tremor) had higher current
Ung levels, and a significantly higher ‘chronic exposure index’ (i.e. an arbitrary unitless
‘index’ that combined duration and relative intensity of exposure) than did workers without
such tremor, but no dose-relatedness was found for ‘resting’ tremor or ‘intention’ tremor.

Two Low Exposure studies described dose-relatedness in two of three cohorts. Tang & Li
(2006) found that prevalence of tremor was significantly increased in workers with Upg 250
Hg/L compared to those with Upg of 2040 ug/L; the latter group did not differ from
unexposed controls. Gambini (1978) evaluated two cohorts of chloralkali workers. In the
first cohort, comprised of workers who were routinely rotated between high- and low-
exposure jobs, tremor prevalence did not differ significantly across three subgroups with
current mean Upg levels of 92, 59, or 25 pg/L (p>0.05). In the second cohort, new workers
without prior exposure and not rotated between high- and low-exposure jobs were studied
prospectively for two years. Tremor prevalence was significantly increased in workers with
at least one Upg >50 pg/L compared to workers with Upg <50 pg/L.

Prevalence analysis: For additional perspective on the dose-relatedness of tremor, we
examined tremor prevalence in individual studies and across exposure categories from 33
studies (44 study groups) that performed PEs in a total of 2414 exposed workers. We did not
consider data from three studies. Two of those studies, Albers et al. (1982), a nested case-
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control study, and Vroom and Greer (1972), which selected workers based on the severity of
their observed effects, were not included because of design particularities. A third study
(Angotzi et al. 1981) which did not describe tremor, but did report ‘cerebellar’ abnormalities
without further details in three workers, was excluded because we could not determine
whether the authors considered tremor to be a cerebellar abnormality. The prevalence of
tremor in exposed workers averaged 8%, 8%, 6% and 23% across <BElI, Low, Medium and
High Exposure categories (Supplemental Table 7a). In seven control groups described in
those studies, the prevalence of tremor averaged 8% (Supplemental Table 7b). Because the
averaged proportions of exposed workers with tremor did not increase above that in controls
until Upg >200 pg/L, the High Exposure groups were further divided into three
subcategories (mean Upg 200-299, 300-499, and >500 ug/L) to identify a possible threshold
of effect. In those subcategories, tremor prevalence was respectively 6%, 21% and 42%.
These results indicated that on average, exposed workers did not experience tremor in excess
of background until Upg 2300 pg/L.

In the 18 study groups positive for tremor, the weighted average of group mean U levels
was 4-fold higher than the average Upg level in the 26 groups null for tremor (434 vs 106
Hg/L). Most study groups positive for tremor had group mean Upgq levels =300 pg/L (67%;
12 of 18 groups) and maximum Upg levels >500 pg/L (86%; 12 of 14 groups; four groups
lacked relevant data). By contrast, most null findings for tremor were associated with group
mean Upg levels <200 pg/L (88%; 23 of 26 study groups) and maximum Uyg levels <500
ug/L (68%; 15 of 22 study groups, 4 lacked relevant data) (detailed in Supplemental Table
7a). Results from a second analysis, limited to studies that had specifically indicated they
had looked for tremor, were not substantially different from the first (data not shown).

Motor Coordination: Five studies evaluated the dose-relatedness of MC abnormalities; their
findings are summarized below.

Three of four High Exposure studies that evaluated the dose-relatedness of MC
abnormalities (e.g. ataxia, gait abnormalities) reported positive results. Bidstrup et al. (1951)
diagnosed chronic Hg poisoning in 27 of 103 DC-meter repairmen based on findings that
included ‘ataxia’; 21 of those 27 workers (78%) had 24-hr Upq levels >300 pg. By contrast,
only 16% of workers without “clinical evidence of poisoning’ had such levels. In West &
Lim (1968), workers with the most ‘severe’ cases of Hg poisoning, defined as ‘more intense
nervous system findings such as tremors, muscle weakness, difficulty walking and
balancing, numbness and tingling’, had higher Upq levels (1980 to 7100 pg/L) than workers
without such findings (950-1880 pg/L). Gilioli et al. (1976) reported a dose-related increase
in the prevalence of “ataxic signs’ (17%, 20%, 33%) across a 3-tiered ‘risk index’ of
exposure (a combination of Airyg level, Upg and exposure duration not otherwise
described). In the fourth study, Bunn et al. (1986) found no evidence of dose-related MC
abnormalities based on comparisons across three exposure subgroups.

One Medium Exposure study evaluated the dose-relatedness of impaired MC. Ehrenberg et
al. (1991) found that the “chronic exposure index’, but not current mean Uy levels, was
significantly higher in workers with DDK and abnormal heel-to-toe walk compared to
workers without such abnormalities.
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Prevalence analyses: For additional perspective on the dose-relatedness of MC, we
examined MC prevalence in individual studies and across exposure categories using data
from 12 studies (15 study groups) that specifically described testing for MC abnormalities in
835 exposed workers. Data were not considered from VVroom and Greer (1972) due to its
unique design, and from another study (McCullough et al. 1999, 2001) that reported workers
had ‘at least one abnormal neurological finding’ on PE, “such as brisk reflexes’ and “tremor’,
but did not specifically indicate whether or not MC was impaired. The prevalence of workers
with one or more abnormal MC findings averaged 8%, 3%, 6%, and 17% across <BEI, Low,
Medium, and High Exposure categories (Supplemental Table 8a). Of the two control groups
described in those studies, abnormal MC was found in 2.5% (Ehrenberg et al. 1991) to 9%
(Wastensson et al. 2006) of unexposed workers.

Positive MC findings on physical exam were associated with a weighted group mean Uy
level that was 2.7-fold higher than the Uy level associated with null findings (351 vs. 129
pg/L). Of the nine study groups that described workers with one or more positive MC
findings, seven had group mean Uy levels >275 pg/L, and eight had maximum Upg levels
that approached or exceeded >500 pg/L (one group lacked relevant data). By contrast, five of
the six study groups with null findings had group mean Upg levels <185 pg/L and four had
maximum Uyg levels <500 pg/L (one group lacked relevant data) (Supplemental Table 8a).
Such positive dose-relatedness was also seen for each of six specific MC abnormalities that
were described in three or more study groups (Supplemental Tables 8b and 8c).

Deep Tendon Reflexes: Five studies evaluated the dose-relatedness of DTRs; their findings
are summarized below.

Three of four High Exposure studies that evaluated the dose-relatedness of abnormal DTRs
reported positive findings. Urban et al. (1999) found abnormal DTRs in workers with current
mean Upg levels of 840 pg/24 hrs, but not in a comparison group with mean Upgq levels of
129 ug/24 hrs. Smith et al. (1970) reported that compared to controls, the prevalence of
abnormal DTRs was significantly increased in two groups of workers exposed to TWA
ambient HgP levels >100 pg/m?3 (estimated mean Ung >230 pg/L), but not in those exposed
to <100 pg/m3. In El-Sadik & Abdel-Aziz (1970), the prevalence of abnormal DTRs was
increased in workers with longer duration of exposure (=3 vs. <3 years) but unrelated to Upg
levels. Bunn et al. (1986) found no evidence of dose-relatedness based on comparisons
across three exposure subgroups.

One Medium Exposure study evaluated the dose-relatedness of abnormal DTRs. Ehrenberg
etal. (1991) found that mean Uy levels and the “chronic exposure index’ were non-
significantly increased in workers with hyperactive DTRs compared to workers with normal
DTRs.

Prevalence analysis: For additional perspective on the dose-relatedness of DTRs, we
examined data from 11 studies (17 study groups) that evaluated DTRs in 1265 exposed
workers. Data from Albers et al. (1982) and Vroom and Greer (1972) were not considered
due to their unique designs. Positive findings of abnormal DTRs were associated with a
weighted group mean Uy level that was 4.0-fold higher than the comparative Upg level in
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groups with null DTR findings (435 vs. 108 pg/L, respectively). Eight of the nine cohort
study groups that reported positive findings had group mean Upg levels >275 pg/L and all
had maximum Uyg levels >500 pg/L. By contrast, seven of the eight study groups with null
findings had group mean U levels <184 pg/L, and all but two had maximum Uyg levels
<500 pg/L (details in Supplemental Table 9).

Stratified analysis of DTR prevalence across exposure categories included data from 698
workers described in 10 of those 11 studies; one study (Smith et al. 1970) did not provide
sufficient information, indicating only that prevalence in exposed workers was ‘the same
among controls’ until ‘exposure was greater than 0.10 mg/m3’. The prevalence of abnormal
DTRs in exposed workers was not significantly greater than background prevalence in
controls until Upg >275 pg/L (Supplemental Table 9). Of the four control groups described
in those studies, two reported abnormal DTRs in 10% (EIl Sadik et al. 1970) and 0%
(hyperactive) to 43% (hypoactive) (Ehrenberg et al. 1991) of unexposed workers, one did
not indicate the number of affected controls (Smith et al. 1970), and the fourth found no
evidence of abnormal DTRs (Wastensson et al. 2006).

Distal Strength: Two High Exposure studies evaluated the dose-relatedness of reduced distal
strength; both reported positive findings. In West and Lim (1968), ‘muscle weakness’ was
found among workers with current individual Upg levels that ranged from 1980-7100 pg/L,
but not in those with Upg levels of 950-1880 ug/L. Gilioli et al. (1976) compared workers
using a 3-tiered ‘risk index” of exposure; the prevalence of reduced distal strength was
significantly increased in workers within the highest-risk, but no differences were seen
between workers with medium- and lowest-risk.

Balance: Two studies evaluated the dose-relatedness of balance. West and Lim (1968), a
High Exposure study, reported “difficulty walking and balancing’ in workers with current
individual Upg levels that ranged from 1980-7100 pg/L, but not in workers with Uy levels
of 950-1880 ug/L. Ehrenberg et al. (1991), a Medium Exposure study, reported that exposed
workers with abnormal Romberg tests had a non-significant increase in the “‘chronic
exposure index’, but not current mean Upg, as compared to exposed workers with normal
Romberg.

Sensory Function: Four studies evaluated the dose-relatedness of abnormal sensory
function. Two of three High Exposure studies that evaluated dose-relatedness reported
positive relationships. West and Lim (1968) reported ‘numbness and tingling’ in workers
with current individual Upg levels that ranged from 1980-7100 ug/L, but not in workers
with Upg levels of 950-1880 pg/L. Bunn et al. (1986) observed a monotonic dose-related
increase in abnormal vibration sensation (7%, 14%, 17%), but not pinprick sensation (0%,
10%, 8%) across three subgroups of workers with increasing levels of exposure. Neither of
those two studies reported statistical significance. In the third study, Gilioli et al. (1976)
reported no statistically significant difference in the prevalence of “sensory signs’ (39%,
19%, 33%) across a 3-tiered ‘risk index” of exposure (a combination of air level, Upg and
exposure duration that was not otherwise described).
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In the fourth study, a nested case-control study, Albers et al. (1982) found that in comparison
to workers with normal clinical exam, workers with ‘mild sensory polyneuropathy’ on
clinical exam had twice the number of Upg measurements >250 ug/L in the previous 6, 12,
24 and 36 months, and more than twice as many Upg >500 pg/L in the previous 24 and 36
months. All of those comparisons were statistically significant.

Exposure correlations: Only three studies evaluated correlations between PE abnormalities
and various measures of exposure. Smith et al. (1970) evaluated 567 exposed workers
divided into two High, one Medium and one Low Exposure study groups. Tremor was the
only PE finding correlated with exposure; its prevalence was significantly correlated with
one-year TWA levels of Hg? in air, blood and urine. McCullough et al. (2001), a High
Exposure study that evaluated 16 exposed workers, found ‘no association between having a
tremor on examination and urinary mercury concentration’. Albers et al. (1982), a nested
case-control study, used simple and multiple linear regressions to evaluate correlations
between “selected’ clinical outcomes (not otherwise defined) and 14 exposure metrics in 138
workers. Only statistically significant correlations were reported. Significant correlations
were found between “distal sensory loss’ and “weakness’ and the ‘majority of urine mercury
indexes’, including current and average historical Upg levels from the prior 3, 6, 12, 24, and
36 months and also the number of Upg peaks >250 or >500 pg/L during the prior 6, 12, 24,
and 36 months. No results were reported for tremor or DTRs.

Clinical significance: Only six studies explicitly commented on the clinical significance of
the PE abnormalities they documented. Among four High Exposure studies that addressed
such considerations, only one described clinically significant impairments. \Vroom and Greer
(1972) described nine workers with mean Upg of 1320 pig/24 hrs who had been “selected’
for the severity of their symptoms; in six of the nine, ‘eating, drinking, and dressing were
performed with great difficulty and two ... had virtually stopped walking because of
unsteadiness’. By contrast, the other three High Exposure studies indicated that
abnormalities were “clinically insignificant’. Miller and Chaffin et al. (1975) described
clinical findings in 32 chloralkali workers with mean Upg of 360 pg/L, as ‘minor neurologic
abnormalities” with ‘no functional impairment with regard to work responsibilities, or habits
of daily living ... none of the workers reported being clinically ill” (Chaffin et al. 1973).
Langolf et al. (1978), in an expanded follow-up of the Miller study that included 79 exposed
chloralkali workers with lower exposure (mean Uy of 240 ug/L), reported that ‘exposed
employees revealed no evidence of signs or symptoms of excessive mercury exposure’ and
‘no functionally significant mercury related tremor effect’. Finally, Zampollo et al. (1987)
concluded that among 17 thermometer factory workers with a group mean Upq of 672 pg/L,
‘none... presented overt clinical signs or symptoms of peripheral neuropathy or of central
nervous system involvement’.

In the nested case-control study, Albers et al. (1982) diagnosed ‘mild’ polyneuropathy on
clinical exam in 18 workers with current mean Upg of 130 pg/L and historical Upg levels
>250 pg/L; ‘none [of the workers] were aware of the mild impairment.’

Ina Low Exposure study that evaluated seven lamp manufacturing workers with two-year
average Upg of 93 pg/L, Zedda et al. (1980) detected changes on EPS compatible with the
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‘initial signs of neuropathy’, but noted that none of the workers showed signs of clinical
neuropathy on neurological exam.

PE section summary: Positive findings on PE were associated with weighted mean Upg of
403 pg/L (range of means: 50 — 1793 ug/L), nearly 4-fold greater than the weighted mean
associated with null findings (104 ug/L, range of means: 11 — 672 pg/L). Weighted average
Upg levels in studies that did not report their PE results (117 ug/L) and those that did not
perform PE (60 pg/L) were similar to or lower than those that reported null results (104
ug/L) (Table 5a). This lends support that studies that performed PE would have reported the
results of neurological evaluation if they had been clinically abnormal and/or statistically
significant.

As shown in Table 5b, the proportion of study groups reporting one or more positive finding
on PE increased across exposure categories and with increasing U levels; the dose-related
trend did not appear to be age-related.

Neurobehavioral testing—NB testing was performed in 25 of the 44 cohort studies (28
of the 57 study groups) to evaluate neurological function in 2343 workers (1251 exposed,
1092 controls) aged 19 to 71 years (weighted average mean: 38 years). NB testing was also
performed in one nested case-control study of 138 workers (Albers et al. 1982). Studies used
a variety of quantitative tests to evaluate a range of neurological functions. All but three
studies (Vroom & Greer 1972; Verberk et al. 1986; McCullough et al. 2001) evaluated non-
exposed controls, and all but one (Vroom & Greer 1972) performed statistical analyses to
determine whether abnormalities in exposed workers were significantly increased compared
to controls and/or literature-based normative values, or significantly associated with
exposure levels. Figure 2 presents summary results from the cohort studies across six
functional domains: tremor, motor function, motor accuracy, sensory function, color vision,
and balance.

Studies varied in the amount of detail provided regarding their results and specific methods.
Some studies reported results for each specific test; others reported results by functional
domain (e.g. sensory function). Some provided details of the instruments used, testing
protocols and scoring criteria; others described the name of the test or function measured
and reported test results without further detail. Detailed results from each of the individual
studies and study groups are available in Supplemental Tables 10a—d.

Exposure effects: Eighteen of the 26 studies (25 cohorts and one case-control) described
positive NB findings in 19 of 29 study groups tested. As discussed below and summarized in
Table 6, the proportion of cohort study groups with at /east one positive NB finding was
respectively 42%, 60%, 80% and 100% of the <BEI, Low, Medium, and High Exposure
groups. Of the three most frequently reported NB abnormalities, dose-related trends were
seen for tremor and motor function, but not motor accuracy.

NB tremor: Twenty of the 25 cohort studies performed NB testing of tremor in 22 study
groups; the case-control study did not evaluate NB tremor. Twelve studies employed hand-
eye coordination tests of motor steadiness: nine used tests of static steadiness (Roels et al.
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1982; Verberk et al. 1986; Roels et al. 1989; Ellingsen et al. 2001), aiming (Roels et al.
1982, 1989; Gunther et al. 1996; Wastensson et al. 2008), and tracking (Schuckmann 1979;
Piikivi & Hanninen 1989; Langworth et al. 1992; Wastensson et al. 2008), and four used
tests that involved drawing of geometrical designs (Vroom & Greer 1972; Angotzi et al.
1981; Ellingsen et al. 2001; Pranjic et al. 2003). Fourteen studies employed physiological
techniques that measure specific tremor parameters (e.g. amplitude, frequency): ten used
accelerometers (Schuckmann 1979; Fawer et al. 1983; Roels et al. 1985, 1989; Langworth et
al. 1992; McCullough et al. 2001; Camerino et al. 2002; Pranjic et al. 2003; Wastensson et
al. 2006; Iwata et al. 2007), including one that also used a laser-based system (Wastensson et
al. 2006), and four used force transducers (Miller et al. 1975; Langolf et al. 1978; Verberk et
al. 1986; Chapman et al. 1990).

High Exposure: NB tests of tremor were administered in six of the 20 High Exposure
cohort study groups; five of those groups reported positive findings on one or more tests
(Figure 2). Postural tremorwas assessed in five groups using physiological techniques; all
reported statistically significant results. Evidence for kinetic tremorwas mixed in two
groups evaluated using the BGT drawing test; positive results were reported in one (Pranjic
et al. 2003), but not the other (Vroom & Greer 1972).

Medium Exposure: NB tests of tremor were administered in four of the 11 Medium
Exposure study groups; positive findings were noted in three. Postural tremorwas assessed
in three groups: two reported positive findings on tests of static steadiness (Roels et al. 1982;
1989), while two reported null results using accelerometers (Schuckmann 1979; Roels et al.
1989). /ntention tremorwas assessed in three groups: positive results were found in two of
the three groups using tests of aiming; null results were reported for the only group tested
with an accelerometer (Roels et al. 1989). No evidence of kinetic tremorwas observed in
one group evaluated using a tracking test (Schuckmann 1979).

Low Exposure: NB tests of tremor were administered to 4 of 12 Low Exposure study
groups; positive findings were found in two. One study (Roels et al. 1985) using
accelerometry reported positive findings for postural and intention tremorin a cohort of
men, but not in a cohort of women. The second study (Verberk et al. 1986) reported positive
findings for postural tremor on tests of accelerometry and static steadiness. In the third
study, Angotzi et al. (1981) evaluated drawing on B-VRT (k/netic tremor) but only reported
results aggregated with other NB tests (results reported in Camerino et al. 1981).

<BEI Exposure: NB tests of tremor were administered to eight of 14 <BEI Exposure study
groups; three of those groups reported one or more positive findings. Tests of postural
tremorwere positive in two of six study groups. Null findings reported in four groups
included one (Wastensson et al. 2006) that tested workers using two different methods (i.e.
accelerometry and a laser-based system). /ntention tremorwas assessed in two groups using
tests of aiming; mixed results were reported. No evidence of kinetic tremorwas found in
four groups assessed using tests of tracking (Piikivi & Hanninen 1989; Langworth et al.
1992; Wastensson et al. 2006) and the B-VRT drawing test (Ellingsen et al. 2001).
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Motor function: Motor function (other than steadiness) was assessed in 13 studies that
evaluated 15 study groups using a variety of tests that assess motor coordination, manual
dexterity, and motor speed (Johnson & Baker 1987).

High Exposure: Motor function was abnormal in three of the four High Exposure study
groups evaluated. Manual dexterity was positive in two groups tested using the Michigan
Maze (Miller et al. 1975; Langolf et al. 1978), but not in a third group tested using the
Grooved Pegboard (McCullough et al. 2001). Motor speed was significantly reduced in three
groups evaluated using tapping tests (Vroom & Greer 1972; Miller et al. 1975; Langolf et al.
1978).

Medium Exposure: Motor function was evaluated in one Medium Exposure study group,
which reported abnormal results on tests of ‘finger dexterity’ and tapping (Gunther et al.
1996).

Low Exposure: Motor function was evaluated in one Low Exposure study group, which had
positive results for manual dexterity on the Santa Anna Dexterity Test (Piikivi et al. 1984).

<BEI Exposure: Motor function was abnormal in only two of the nine <BEI Exposure study
groups evaluated. Motor coordination was normal in two groups evaluated for rapid
alternative movements using Diadochokinesimetry in one (Wastensson et al. 2008), and
Branches Alternate Movement Task and the Luria-Nebraska Neuropsychological Battery in
the other (Camerino et al. 2002). One of those groups yielded paradoxical results; exposed
workers performed significantly better on the Luria Battery than controls (Camerino et al.
2002).

Manual dexterity was assessed in four groups. Results were positive in one group using a
“finger dexterity’ test (Gunther et al. 1996). Null results were reported in one study that
evaluated two groups using the Santa Anna Dexterity Test (Soleo et al. 1990), and in one
group using Grooved Pegboard (Ellingsen et al. 2001).

Motor speed, evaluated using tests of tapping, was significantly reduced in two of six groups
tested.

Motor accuracy: Motor accuracy was assessed in 12 studies that evaluated 15 study groups
using tests of attention and response speed (Simple Reaction Time (SRT), Choice Reaction
Time (CRT), and Continuous Performance Tests (CPT)); and perceptual motor speed
(Symbol Digit/Digit Symbol (SD)).

High Exposure: Motor accuracy was normal in two study groups evaluated for SRT (Miller
et al. 1975) and/or CRT (Miller et al. 1975; Langolf et al. 1978).

Medium Exposure: Motor accuracy was normal in two study groups assessed on visual
(Schuckmann 1979; Gunther et al. 1996) and auditory SRT (Gunther et al. 1996).

Low Exposure: Motor accuracy was evaluated in three study groups. Angotzi et al. (1981)
found an increase in the percentage of exposed workers with abnormal findings compared to
controls based on the combined results of three different tests: SRT, CRT, and SD, but did
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not report the statistical significance of the comparison (results reported in Camerino et al.
1981). Roels et al. (1985) found no significant differences in SRT in two study groups (one
male, one female) when compared to controls.

<BEI Exposure: Motor accuracy was normal in all eight study groups evaluated. All eight
groups were evaluated for attention/response time using tests of SRT, CRT, and/or CPT, and
seven were tested using SD. Of the seven groups tested on SD, one reported paradoxical
results (Camerino et al. 2002).

Balance: Balance was evaluated in three study groups assessed for postural sway (with eyes
open). One study (Gunther et al. 1996) reported significant deficits of balance in two, one
Medium Exposure group and one <BEI Exposure group. A second study reported null
results in a group of High Exposure workers (lwata et al. 2007).

Sensory function: Sensory function (other than color vision) was quantitatively evaluated in
three study groups. Positive results were reported in one High Exposure study group of
‘severely affected’ workers on two tests of tactile function (Vroom & Greer 1972), and a
nested case-control study that showed significant differences on tests of two-point
discrimination, vibration, pin-pain, and touch-pressure in higher-exposed workers with
clinical PN vs. lower-exposed workers without PN (Albers et al. 1982). Null results were
reported for the third study group, which tested a small number of High Exposure workers
(n=16) using a Neurometer (McCullough et al. 2001).

In two other High Exposure study groups evaluated using sensory tests (e.g. two-point
discrimination) amenable to quantitative analysis, only qualitative results (e.g. positive or
null) were reported (Miller et al. 1975, as reported in Chaffin et al. 1973; Pranjic et al.
2003). As such, findings could not be tabulated with other quantitative NB results, and were
thus included in the discussion of PE results.

Color vision: Color vision was evaluated in seven study groups; statistically significant
differences in the Color Confusion Index (CCl) were found in one Medium Exposure group
(Cavalleri et al. 1995) and one <BEI Exposure group (Urban et al. 2003).

Dose-effects: Twenty-three of the 26 studies that performed NB evaluations also considered
the dose-relatedness of their findings. The exceptions were VVroom and Greer (1972),
Schuckmann (1979), and Pranjic et al. (2003). The dose-relatedness of NB outcomes
reported within individual studies is discussed below; summary findings for all NB
outcomes and for the three most frequently reported outcomes are presented in the far-right
column of Table 6.

NB tremor: The dose-relatedness of NB tremor was evaluated in 17 of the 20 studies
(including 18 study groups) using hand-eye coordination tests of motor steadiness (n=9
study groups) and/or physiological techniques (n=10 study groups).

Physiological tests of tremor: Ten of 14 studies that used physiological techniques also
evaluated the dose-relatedness of their findings. Five of those 10 described statistically
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significant associations between exposure levels and at least one tremor parameter (e.g.
frequency, amplitude, Tremor Index, or power spectrum).

High Exposure: Dose-relatedness of postural tremorwas evaluated in four studies; positive
results were reported in three. Miller et al. (1975) reported significant positive correlations
between tremor frequency and current Uy, current Byg, and duration of exposure in
‘exposed’ workers, but no such correlations for tremor amplitude (alpha set at p<0.10). In an
expanded follow-up of that cohort, Langolf et al. (1978) used a step-wise regression analysis
to determine correlations between postural tremor, duration of exposure, and ten metrics of
historical average or peak Upg levels. The number of Upg peaks >500 ug/L in the previous
year was the strongest predictor of increased tremor power (p<0.005). Tremor amplitude and
frequency were also noted to increase among workers with the “the highest urine mercury’,
but statistical significance was not reported. McCullough et al. (2001) reported that mean
Tremor Index was significantly greater in 13 workers with group mean Uy of 200 pg/g
creatinine compared to three <BEI workers (mean Upg: 27 pg/g creatinine), but frequency
and amplitude were not significantly increased. In an additional analysis, the prevalence of
abnormal tremor parameters (e.g. amplitude and frequency) was not significantly increased
across three categorical levels of five-month average Upg (<81, 149-235 or >235 ng/g
creatinine). The fourth study (Iwata et al. 2007) found no correlations between current Upg
and tremor amplitude or frequency.

Medium Exposure: Dose-relatedness of physiological tremor was not evaluated in the
Medium Exposure studies.

Low Exposure: Dose-relatedness of postural tremorwas evaluated in two studies; positive
findings were reported in one. Verberk et al. (1986) reported a significant correlation
between tremor amplitude and current Upg, but not Upg averaged over the prior year; tremor
frequency was not dose-related. Roels et al. (1985) found no correlations between current
Upg Or Bpg levels in male workers and tremor parameters that integrated measures of
frequency and amplitude. Exposure duration was positively correlated with one of four
tremor parameters, a finding that the authors discounted as ‘fortuitous’. Further analyses that
considered the prevalence of abnormal tremor parameters across categorical exposure
metrics revealed no significant correlations with exposure duration (1-4, 5-9, =10 years) or
current Upg levels (<50, 50-74.9, >75 ug/g creatinine). Roels et al. (1985) also found no
evidence of dose-relatedness of /intention tremorin male workers.

<BEI Exposure: A positive result was reported in one of four <BEI Exposure studies that
evaluated dose-relatedness of postural tremor. In Fawer et al. (1983), frequency and
amplitude were both significantly correlated with duration of exposure; amplitude, but not
frequency was correlated significantly with current Upg. In the remaining three studies,
tremor frequency and amplitude showed no significant correlations with current Upg
(Chapman et al. 1990; Camerino et al. 2002; Wastensson et al. 2006), historical Upg (5-yr
average and lifetime cumulative) (Wastensson et al. 2006), or duration of exposure
(Chapman et al. 1990; Camerino et al. 2002). One of those studies, Wastensson et al. (2006),
which also used a laser-based system, found no dose-relatedness between postural or kinetic
tremor and current Upg or historical Upg (5-yr average and lifetime cumulative).
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Hand-eye coordination tests of tremor: Nine of 13 studies that assessed NB tremor using
hand-eye coordination tests of motor steadiness also evaluated the dose-relatedness of their
findings. Of those, five reported statistically significant associations between various
exposure metrics and mean scores and/or the prevalence of abnormal scores.

High Exposure: Dose-relatedness was not evaluated in the High Exposure studies.

Medium Exposure: Three studies evaluated the dose-relatedness between Exposure
Intensity and postural, or intention tremor (Roels et al. 1982, 1989; Gunther et al. 1996). The
only positive finding was reported in Roels et al. (1982), which found dose-relatedness for
postural tremor.

In two studies, Roels et al. (1982, 1989) used a static steadiness test to assess postural tremor
and an aiming test (orthokinesiometer) to assess /ntention tremor. In the first study (Roels et
al. 1982), the prevalence of abnormal scores for postural tremorwas significantly increased
among workers with Upg >50 ug/g creatinine or Byg >1 pg/dL. By contrast, no ‘clear-cut
dose response relationships” were found for categorical levels of current exposure (Upg or
Bhg) (Roels et al. 1982, 1989), historical exposure (lifetime average or cumulative Upg)
(Roels et al. 1989), or duration of exposure (Roels et al. 1982, 1989) and the prevalence of
abnormal scores for intention tremor in both studies (Roels et al. 1982, 1989) or postural
tremorin the second study (Roels et al. 1989). In the third study, Gunther et al. (1996) used
analysis of covariance (ANCOVA) that controlled for effects of age and verbal 1Q to
compare performance on repeated tests of aiming (/ntention tremor) in one Medium
Exposure group (Upg : 111-152 pg/L), one <BEI Exposure group (Upg: 21-25 ug/L), and a
control group. Over a seven-year time period, ‘no clear tendency could be demonstrated
between the exposed groups’ on tests of aiming.

All three studies also evaluated Exposure Correlations; results were mostly null. No
significant associations were found between test scores for postural tremor (Roels et al.
1989) or intention tremor (Roels et al. 1982, 1989; Gunther et al. 1996) and current exposure
(Ung or Brg) (Roels et al. 1982, 1989; Gunther et al. 1996), historical exposure (lifetime
average or cumulative Upg) (Roels et al. 1989), or duration of exposure (Roels et al. 1982,
1989). One study (Roels et al. 1982) found that current Upq correlated ‘marginally” with
only one of seven parameters of postural tremor.

Low Exposure: Two studies reported significant dose-relatedness for postural and kinetic
tremor, intention tremorwas not assessed. Verberk et al. (1986) reported significant
correlations between the individuals’ summary scores on tests of static steadiness (postural
tremor) and current Upg, but not one-year average Upg levels. Angotzi et al. (1981) found
evidence of dose-related kinetic tremor. significantly worse performance on the B-VRT was
observed in workers with three or more Upg peaks >50 ug/L during the prior year, compared
to controls (results reported in Camerino et al. 1981).

<BEI Exposure: Five studies evaluated the dose-relatedness of NB tremor using hand-eye
coordination tests of motor steadiness. Of these, two of three studies found significant dose-
relatedness for kinetic tremor, one found no evidence of dose-relatedness for postural
tremor, and two found no evidence of dose-related intention tremor.
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Langworth et al. (1992) found only limited evidence of dose-related Ai/netic tremor, scores
on tests of tracking were significantly correlated with the number of peak Byg >3 pg/dL
during the prior five years, but not to current Upg, current Bg, one- or five-year average
BHg, Or exposure duration. In addition, “No notable dose-response relations’ were found
between the prevalence of abnormal scores and current Upg (<17.5, 17.5-43.75, >43.75 lg/g
creatinine). In Ellingsen et al. (2001), performance on B-VRT (kinetic tremor) was inversely
and significantly correlated with current By, but not with current Upg, lifetime average Upg
or lifetime cumulative Uy However, no significant correlations were found between
exposure metrics and test scores for static steadiness (postural tremor). By contrast, Piikivi
and Hanninen (1989) found no evidence that k/netic tremorwas dose-related: no significant
correlations were found between scores on tracking and current Uy, or current or lifetime
average Bpg, and analysis of Exposure Intensity revealed no significant differences in scores
on tracking between workers categorized as ‘High’ or ‘Low’ exposure based on median
levels of current Upg, current By, or lifetime average Byyg. Wastensson et al. (2008) and
Gunther et al. (1996) found no significant correlations between /ntention tremor, assessed
using tasks of aiming, and current Upg (Gunther et al. 1996; Wastensson et al. 2008), five-
year average Upg (Wastensson et al. 2008) or lifetime cumulative Upg (Wastensson et al.
2008).

NB tremor analyses: For additional perspective on dose-relatedness of NB tremor, we
considered data from all 22 study groups that evaluated NB tremor in a total of 1949
workers (1042 exposed). Because most studies only reported differences between group
mean scores in exposed and controls (rather than the number of workers with abnormal
scores) we were unable to calculate the prevalence of workers with abnormal findings.
Accordingly, we calculated the proportion of study groups that reported positive results for
NB tremor and tremor subtypes overall and across exposure categories, and examined the
influence of age, Uy, and type of testing (physiological techniques vs. test of hand-eye
coordination) on positive vs. null results.

As shown in Table 7, positive tremor on NB testing in 13 study groups was associated with a
weighted group mean Upgq that was nearly 3-fold higher than the weighted mean Uy level
in the nine study groups with null findings (169 vs 59 pg/L, respectively). Positive dose-
relatedness was also seen for postural and kinetic tremor, but not for intention tremor.
However, results for kinetic tremor were based on only one positive study. Age and type of
testing used to evaluate tremor did not appear to influence results (Supplemental Table 11).

Motor function: The dose-relatedness of motor function (other than steadiness) was
evaluated in 11 of the 13 studies that performed testing of motor coordination, manual
dexterity, and motor speed; significant results in the expected direction were reported in four
studies.

High Exposure: Two studies found evidence of a positive dose-response for tests of motor
speed (tapping) and manual dexterity (Michigan Maze). Miller et al. (1975) found that
performance on tapping was significantly and inversely correlated with current Upq and
BHg, but not with duration of exposure. Langolf et al. (1978), the expanded follow-up of the
Miller study, assessed correlations between tapping and ten metrics of historical average or
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peak Ung levels, or duration of exposure: performance on tapping ‘showed statistically
significant changes related to urine mercury’. In both studies, manual dexterity was
significantly and inversely correlated with exposure; increases in ‘erratic’ performance (i.e.
increased variability in hole-to-hole times) correlated significantly (alpha set at p <0.10)
with increasing levels of current Upg and current Byg (Miller et al. 1975), and historical
average Upg and peak Upg metrics (Langolf et al. 1978). For both outcomes (i.e. tapping
and Michigan Maze), Langolf et al. (1978) found that the number of Upg peaks >500 pg/L
in the previous year was the ‘best predictor of psychomotor performance’.

Medium Exposure: One study evaluated the dose-relatedness of manual dexterity. Gunther
et al. (1996) found no significant correlations between current Upg and performance on tests
of “finger dexterity’ or tapping. However, analyses of Exposure Intensity revealed
significantly decreased performance on “finger dexterity’ tests in the Medium Exposure
group vs. <BEI Exposure group (current Upg levels: 111-152 pg/L vs. 21-25 pg/L), a
finding confirmed by ANCOVA that controlled for the effects of age and verbal 1Q. During
the seven-year investigation, only one of four testing periods revealed significant differences
between exposure groups on tests of tapping.

Low Exposure: Paradoxical results were reported in the only Low Exposure study that
evaluated the relationship between manual dexterity and Exposure Intensity. Piikivi et al.
(1984) compared group mean performances on the Santa Ana Dexterity Test in subgroups of
workers stratified above vs. below group median levels for three exposure metrics (current
Ung, median = 56 pg/L; current Byg, median = 1.5 ug/dL; lifetime average Upg, median =
110 pg/L) and those with peak Upg >300 vs. <300 pg/L. In all four analyses, statistically
significant decrements in manual dexterity were observed only among the subgroups with
lower exposures.

<BEI Exposure: Eight studies evaluated the dose-relatedness of motor function in nine
study groups; null results were reported in all but one study (Langworth et al. 1992).

Motor coordination, tested in two studies, showed no evidence of dose-relatedness.
Camerino et al. (2002), who found that exposed workers performed significantly better than
controls on a test of rapid alternative movement (Luria Battery), performed correlation
analyses to explain this paradoxical finding. The observed difference was mainly related to
age (younger) and education (higher), not current Uy or duration of exposure. Wastensson
et al. (2008) reported no significant correlations between six parameters of a rapid
alternative movement test (Diadochokinesimetry) and either five-year average Uyg or
lifetime cumulative Upg. No significant correlations were found for five of six parameters
and current Upg. In analyses of Exposure Intensity, no significant differences in
Diadochokinesimetry were found between subgroups of workers stratified above and below
median levels of current Upg (median = 5.9 ug/g creatinine), or 5-year average Upg (median
= 6.75 pug/g creatinine).

Manual dexterity, tested in three studies (Soleo et al. 1990; Gunther et al. 1996; Ellingsen et
al. 2001), also showed no evidence of dose-relatedness. Ellingsen et al. (2001) found
performance on Grooved Peghoard was not correlated with current Upg, current Bpyg,
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lifetime average Upg, or lifetime cumulative Upg. By contrast, significant decrements in
performance were seen in smokers compared to nonsmokers. Soleo et al. (1990) reported no
significant differences in Santa Ana Dexterity Test results between controls and two study
groups, stratified by job titles that had different mean current Upg (12 vs. 18 pg/L), weighted
9-year average group mean Upg levels (14 vs. 28 ug/L), and 9-year ranges of Uy (2-66
Mg/l vs. 9-138 pg/L). Likewise, Gunther et al. (1996) found no significant correlations
between performance on “finger dexterity” tests and current Upg in one <BEI Exposure

group.

Motor speed, evaluated by tests of tapping in six studies (Piikivi & Hanninen 1989; Soleo et
al. 1990; Langworth et al. 1992; Liang et al. 1993; Gunther et al. 1996; Ellingsen et al.
2001), showed little evidence of dose-relatedness. In Langworth et al. (1992), scores on
finger tapping were significantly correlated with the number of peak Bpg >3 pg/dL during
the prior five years, but not to current Upg, current Byyg, one- or five-year average Bg, or
exposure duration, and ‘No notable dose-response relations” were found between the
prevalence of abnormal scores and current Upg (<17.5, 17.5-43.75, >43.75 g/g creatinine).
The remaining five studies found no evidence that performance on tapping was dose-related:
scores on tapping were not significantly correlated with current Upg (Piikivi & Hanninen
1989; Gunther et al. 1996; Camerino et al. 2002), current Byg (Piikivi & Hanninen 1989),
lifetime average of Byg (Piikivi & Hanninen 1989), lifetime average Upg (Ellingsen et al.
2001), lifetime cumulative Upg (Ellingsen et al. 2001), or duration of exposure (Liang et al.
1993; Camerino et al. 2002). One study (Piikivi & Hanninen 1989) also reported that scores
on tapping did not differ between subgroups of workers stratified above vs. below median
levels of current Upg, current By, or lifetime average Bpg.

Motor accuracy: The dose-relatedness of motor accuracy was evaluated in 10 of the 12
studies that tested motor accuracy; significant results in the expected direction were reported
in three studies.

High Exposure: Two High Exposure studies using tests of reaction time (SRT, CRT) found
no evidence of dose-related performance. Miller et al. (1975) described a tendency for
slower responses on SRT and two tests of CRT among workers with elevated Bpg and Upg
levels, but the authors were ‘reluctant to draw any conclusions’ because of a ‘lack of
consistency’ in their findings. Langolf et al. (1978) reported no significant correlations
(alpha set at p <0.10) between performance on CRT and ten metrics of historical average or
peak Upg levels.

Medium Exposure: Paradoxical results were reported in the only study that evaluated the
relationship between Exposure Intensity and SRT. In Gunther et al. (1996), auditory reaction
time was significantly faster in a Medium Exposure group of workers (Upg: 111-152 pg/L)
compared to a <BEI Exposure group (Upg: 21-25 pg/L), a finding confirmed by ANCOVA
that controlled for the effects of age and verbal 1Q. No evidence of dose-relatedness was
observed for visual reaction times.

Low Exposure: One Low Exposure study that evaluated motor accuracy using tests of
reaction time (SRT, CRT) and symbol digit (SD) reported dose-related changes. Angotzi et

Crit Rev Toxicol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fields et al.

Page 29

al. (1981) found that performance on tests of SRT, CRT or SD was significantly worse in a
subgroup of workers with 3 or more peak Upg levels >50 pg/L during the prior year in
comparison to controls (results reported in Camerino et al. 1981).

<BEI Exposure: Two of seven <BEI Exposure studies reported inconsistent evidence of
dose-related performance on tests of motor accuracy. Ellingsen et al. (2001), using multiple
linear regression analyses that considered intellect and other potential confounders, reported
‘a weak statistical association” between SD scores and current Byyg and lifetime average
Ung, but not with current Upg or lifetime cumulative Upg. Visual reaction time, measured
by Continuous Performance Tests (CPT), was not significantly correlated with any dose
metric (Ellingsen et al. 2001). By contrast, Liang et al. (1993) reported that visual reaction
time (CRT) was significantly and positively correlated with exposure duration (<10, 10-19,
=20 years) using analyses of covariance to control for age, but results on SD and visual SRT
were not significantly correlated with exposure. The remaining five studies found no positive
dose-related findings. Piikivi and Hanninen (1989) used two analytical approaches and
found no evidence of dose-relatedness for CPT or SD and current Upg, current Byg, or
lifetime average Bpg. In a similar analysis, Soleo et al. (1990) found no differences on SRT
and SD scores when compared across controls and two study groups of workers stratified by
job titles with significantly different mean levels of current and historical Upg. Langworth et
al. (1992) found no significant correlations between performance on SRT or SD tests and
current Upg, current Bg, one- or five-year average By, exposure duration, or the number
of peak Byg >3 pg/dL during the prior five year. As described above, Gunther et al. (1996)
reported paradoxical results for auditory SRT; response time was significantly slower in a
<BEI Exposure group compared to a Medium Exposure group. No evidence of dose-
relatedness was observed for visual SRTs. Finally, in a study that reported paradoxical
results (i.e. exposed workers performed significantly better than controls on SD and SRT
testing), Camerino et al. (2002) found those differences were mainly influenced by age and
level of schooling, but better performance on SD was also significantly correlated with
increasing current Upg and duration of exposure.

Balance: Dose-relatedness of balance was evaluated in two studies that performed
quantitative tests of postural sway. Iwata et al. (2007), a High Exposure study that used
multiple regression analysis to control for the effects of age, height, alcohol, and smoking,
found a significant correlation between transversal sway (eyes open) and current Uyg, but no
correlations were found for transversal sway (eyes closed) or sagittal sway (eyes open or
closed). By contrast, Gunther et al. (1996), using ANCOVA to compare controls and two
groups of workers, one Medium Exposure group (Upg : 111-152 pg/L) and one <BEI
Exposure group (Ung: 21-25 pg/L), concluded that correlations between current Upg and
postural sway (eyes open) “did not support the assumption of a dose related effect.’

Sensory function: The only study that evaluated the dose-relatedness of sensory function
reported positive results. Albers et al. (1982), a nested case-control study, evaluated
correlations between quantitative results of three tests of sensory function (Touch Pressure,
Vibratory Sensation, Pin-pain) and 14 dose-metrics using a multiple linear regression
analysis that controlled for the effects of age, height, weight, and alcohol use. Reduced
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sensation in all three tests was significantly correlated with the number of peak Upg >500
Hg/L, but apparently not correlated with current Upg, or average Upg during the prior 3, 6,
12, 24, or 36 months.

Color vision: Both studies that reported positive findings for abnormal color vision also
evaluated its dose-relatedness using the Color Confusion Index (CCI). Cavalleri et al.
(1995), a Medium Exposure study, compared mean CCI values between controls and two
subgroups of workers stratified according to current Upg (>50 or <50 ug/L). Compared to
controls, mean CCI values were significantly increased (i.e. greater color vision deficits) in
the workers with Upg >50 ug/L, but not in workers with lower exposures. Urban et al.
(2003), a <BEI Exposure study, using a multiple regression analysis that included age,
alcohol, and smoking, found no significant correlations between CCI values and the
following exposure metrics: current Upg; exposure duration; cumulative Uy (defined as the
product of Upg and exposure duration); and Upg following a DMPS chelation challenge.

NB section summary: On average, positive NB findings were associated with a weighted
mean Upg of 149 ug/L (range of means: 23 — 880 ug/L) nearly 4-fold greater than the mean
level associated with null findings (39 ug/L, range of means:; 11 — 108 ug/L). As summarized
in Table 8, the proportion of study groups reporting one or more positive NB finding
increased monotonically across exposure categories and with increasing Upg levels; the
dose-related trend did not appear to be influenced by age.

Electrophysiological testing—Twelve of the 44 cohort studies (13 of the 57 study
groups) described results of EPS in 1039 workers (546 exposed, 493 controls). Exposed
workers ranged in age from 18 to 71 years (weighted average mean: 38 years). EPS findings
were also reported in one nested case-control study of 138 workers (Albers et al. 1982).
Studies used a variety of EPS to evaluate a range of neurologic and/or neuromuscular
functions (Figure 3). Most used nerve conduction studies (NCS) and/or electromyography
(EMG) to evaluate responses to electrical stimulation in nerves (NCS) or neuromuscular
tissues (EMG) of the peripheral nervous system. A few used evoked potentials studies (EPS)
or electroencephalograms (EEGS) to evaluate the electrical activity of the central nervous
system.

All studies used statistical analyses to determine the significance of results in exposed
workers on at least one type of EPS, with one exception (Zedda et al. 1980). Comparisons
were made to currently examined controls (Vroom & Greer 1972; Angotzi et al. 1981,
Triebig & Schaller 1982; Piikivi & Hanninen 1989; Chang et al. 1995), normal values
determined in their laboratories (Albers et al. 1982; Levine et al. 1982; Zampollo et al. 1987;
Urban et al. 1999), and/or the published literature (Vroom & Greer 1972; Zampollo et al.
1987; Urban et al. 1999). Other studies did not indicate the source of their reference values.
Eight studies evaluated correlations between effects and exposure levels (Miller et al. 1975;
Gilioli et al. 1976; Langolf et al. 1978; Albers et al. 1982; Levine et al. 1982; Triebig &
Schaller 1982; Zampollo et al. 1987; Piikivi & Hanninen 1989).

Most studies analyzed differences between group mean values of test results (Vroom &
Greer 1972; Miller et al. 1975; Langolf et al. 1978; Zedda et al. 1980; Angotzi et al. 1981,
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Albers et al. 1982; Levine et al. 1982; Triebig & Schaller 1982; Piikivi & Hanninen 1989;
Chang et al. 1995; Urban et al. 1999), while some also considered individual values (Vroom
& Greer 1972; Miller et al. 1975; Langolf et al. 1978; Zedda et al. 1980; Levine et al. 1982;
Urban et al. 1999).

Head-to-head comparisons of EPS outcomes across studies were complicated due to the
complex set of testing-related variables. Such variables included the specific testing
instruments, techniques and protocols used, the large number of nerves and muscles
amenable to testing, and the potential to measure a variety of parameters for each nerve or
muscle selected. In addition, test results can be affected by study subjects’ characteristics
such as body temperature, height, and smoking. Details of the testing performed and their
results are provided in Supplemental Tables 12 and 13, respectively. Discussed below are the
results from four types of EPS testing that were reported in two or more studies: NCS (n=9
studies); EMG (n=7); EPs (n=2); and EEG (n=2). To address the difficulty of comparisons
across studies, the results section includes a consideration of the dose-relatedness across
exposure categories for all EPS findings and the dose-relatedness and patterns of reported
abnormalities for each of the four types of EPS.

Exposure effects: As discussed below, positive findings on EPS were reported in 0%, 67%,
100% and 100% of the <BEI, Low, Medium, and High BEI Exposure study groups,
respectively, in which testing was performed.

High Exposure: EPS were performed in seven High Exposure study groups. Five of the
seven were evaluated using NCS; positive results were reported in all (Figure 3). Likewise,
all five evaluated by EMG had positive findings. In the only study group evaluated using
visual evoked potentials (VEP), findings were positive (Urban et al. 1999). Only one study
group was evaluated by EEG; in that study, which selected workers on the basis of the
severity of their effects, Vroom and Greer (1972) reported “diffuse slowing’ in 56% (5 of 9).

Albers et al. (1982), a nested case-control study, reported significant group mean differences
on NCS and EMG in higher-exposed workers with clinical PN vs. lower-exposed workers
without PN.

Medium Exposure: EPS were performed in two of 11 Medium Exposure study groups. Both
were evaluated using NCS; significant group mean differences were reported in one group
(Triebig & Schaller 1982), but not the other (Urban et al. 1999). In the one study group also
assessed by VEP, findings were positive (Urban et al. 1999).

Low Exposure: EPS were performed in three of 12 Low Exposure study groups. Results
were mostly null in two studies that performed NCS testing: Angotzi et al. (1981) reported a
significant difference between group means on only one of three sensory NCS parameters,
while Zedda et al. (1980) found no significant differences between group means of seven
NCS parameters. Angotzi et al. (1981) also performed EMG testing, but did not report
results. In the only study group assessed by VEP, Chang et al. (1995) reported significant
group mean differences in only one of five parameters tested.
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<BEI Exposure: EPS were performed in only one of the 14 <BEI Exposure study groups.
Piikivi & Tolonen (1989) found no significant difference between the prevalence of
abnormal findings on visually interpreted EEGs in 41 exposed workers compared with 41
matched controls (24% vs. 15%, respectively).

Nerve conduction studies: NCS were performed in nine studies (10 study groups) that each
assessed a variety of motor and/or sensory functions in up to five different nerves and up to
five different parameters, yielding 24 unique combinations (e.g. ‘ulnar motor latency’).
Nerve conduction velocity was the most frequently evaluated parameter (36 group
outcomes), followed by latency (17 group outcomes) and amplitude (14 group outcomes),
while late responses were recorded less often: F-wave (2 group outcomes) and H-reflex (3
group outcomes). The term ‘group outcome’ refers to results of a specific nerve/specific
function/specific parameter reported in a specific study group.

Table 9 presents summary results for all NCS outcomes combined and for each of the three
most frequently reported parameters. To examine patterns of effects, results are stratified by
motor vs. sensory outcomes and by upper vs. lower limbs.

Sensory abnormalities were more common than motor abnormalities across all three
parameters (i.e. velocity, latency and amplitude), and for all NCS group outcomes combined
(44% vs. 20%, respectively). A less consistent pattern was observed when upper vs. lower
extremity abnormalities were compared. Only one parameter, conduction velocity, had
abnormalities that were more prevalent in the lower extremities (45% vs. 16%, respectively).
By contrast, abnormalities of latency and amplitude were each more prevalent in the upper
extremities.

Late responses (i.e. F-wave and H-Reflex) showed significant abnormalities in only one of
five group outcomes. Group mean H-reflex latency was decreased significantly in one High
Exposure group (Zampollo et al. 1987), increased (non-significantly) in a second High
Exposure group (Vroom & Greer 1972), and ‘within the norm’ in a Low Exposure group
(Zedda et al. 1980). In a separate High Exposure group, Langolf et al. (1978) reported
significantly decreased latency on myotatic (stretch) reflex, a measure closely related to H-
reflex (Ball 2005). The only study that evaluated F-wave latency found ‘no detectable
change...either upward or downward’ (Zampollo et al. 1987).

Electromyography: EMG was performed in seven studies; one did not report results
(Angotzi et al. 1981). Three studies performed needle EMGs (Vroom & Greer 1972; Albers
et al. 1982; Zampollo et al. 1987), three performed surface EMGs (Miller et al. 1975; Gilioli
et al. 1976; Langolf et al. 1978), and one did not describe its method (Angotzi et al. 1981).
EMGs were generally characterized as abnormal on the basis of one or more of the
following: irregular, polyphasic muscle unit action potential (MUP); altered MUP
amplitude; increased MUP duration; fibrillation; positive spike waves.

Most frequently reported was an increase in polyphasic MUPs in four studies (Vroom &
Greer 1972; Miller et al. 1975, as described in Chaffin et al. 1973; Langolf et al. 1978;
Zampollo et al. 1987). Three studies reported increased MUP amplitude (Vroom & Greer
1972; Miller et al. 1975, as described in Chaffin et al. 1973; Albers et al. 1982), two reported
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the presence of muscle fibrillations (Albers et al. 1982; Zampollo et al. 1987), and one each
described increased MUP duration (Vroom & Greer 1972) and the presence of positive spike
waves (Albers et al. 1982). One study reported a significant inverse association between the
number of motor units and “dispersion values between fast and slow conducting motor
fibres’ (Gilioli et al. 1976).

Visual evoked potentials: VEPs were evaluated in only two studies of three study groups,
which described findings for two parameters of amplitude and three parameters of latency.
Urban et al. (1999) evaluated Highand Medium Exposure groups, while Chang et al. (1995)
assessed a Low Exposure group. The findings of these studies were inconsistent. Group
mean amplitude was significantly decreased (both parameters) in the two groups of workers
described by Urban et al. (1999), but increased in those same parameters tested by Chang et
al. (1995), of which one was significantly increased. Group mean latency was decreased in
all nine group outcomes, but differences were statistically significant for only one outcome
which was seen in the High Exposure group (Urban et al. 1999).

Electroencephalograms: EEGs were performed in only two studies. Vroom and Greer
(1972) assessed workers in a High Exposure group, while Piikivi and Tolonen (1989)
evaluated a <BEI Exposure group. Vroom and Greer (1972) described ‘diffuse slowing’ that
was ‘marked temporally’ on EEG in 56% (5 of 9) of exposed workers, but did not evaluate a
control group for comparison. Piikivi and Tolonen (1989) described ‘mild’ EEG
abnormalities in 24% (10 of 41) of exposed workers on visually interpreted EEG, but the
prevalence of such findings was not significantly different from controls (15%; 6 of 41). The
studies differed in the types of abnormalities observed. Vroom and Greer (1972) described
generalized (i.e. ‘diffuse slowing’) EEG abnormalities. By contrast, Piikivi and Tolonen
(1989) found a greater prevalence of focal abnormalities in exposed compared to controls
(15% vs. 5%) while the prevalence of generalized abnormalities was lower (10% vs. 12%).
Similar to the Vroom study, most focal abnormalities in the Piikivi study were located in the
temporal lobe, however they were unilateral, ‘situated in the left hemisphere” (Piikivi &
Tolonen 1989), whereas VVroom described abnormalities that were mainly “bilateral’. Piikivi
and Tolonen (1989) also evaluated quantitative EEG (qEEG); differences between exposed
and controls largely reflected the influence of shiftwork rather than mercury exposure:
‘shiftwork was an obvious confounding factor’. These gEEG data were not tabulated or
analyzed in our review because in addition to confounding, gEEG is regarded as having little
clinical utility (American Clinical Neurophysiology Society 1997; Nuwer 1997).

Dose-effects: The dose-relatedness of EPS was evaluated in 11 of the 13 studies that
performed EPS. Of those eleven studies, eight reported significant dose-related associations.

Nerve conduction studies: Seven of nine studies that performed NCS also evaluated the
dose-relatedness of their findings; four described statistically significant associations
between exposure and/or dose and at least one NCS parameter.

Three of four High Exposure studies reported significant dose-related NCS findings. Levine
et al. (1982) evaluated correlations between five ulnar nerve parameters (3 motor and 2
sensory) and 14 metrics of current and historical Upg. Prolonged sensory and motor
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latencies were significantly correlated with most historical metrics of Average Upg and Peak
Ung (>250 or >500 pg/L) from the previous 3-, 6-, 12-, 24- and 36-months, but were not
correlated with current Upg. By contrast, motor conduction velocity was significantly
correlated with current Upg, and only the most recent historical metrics. No dose-relatedness
was found for sensory or motor amplitudes. Urban et al. (1999) compared conduction
velocity (in 3 motor and 3 sensory nerves) across two groups of exposed workers, one High
(24-hr Upg: 840 pg) and one Medium Exposure group (24-hr Upg: 129 ug). After
controlling for diabetes and “alcohol abuse’, abnormal results were seen only in workers in
the highest exposure group. Gilioli et al. (1976) reported a significant negative correlation
between conduction velocity (peroneal motor) and a 3-tiered ‘risk index’ of exposure.
Langolf et al. (1978) reported positive dose-related findings for myotatic (stretch) reflex.
Zampollo et al. (1987) found no significant correlations between 14 NCS parameters (10
motor and 4 sensory) and current Upg, current By, or exposure duration.

Albers et al. (1982), a nested case-control study, evaluated correlations between 13 NCS
parameters and 14 metrics of current and historical Upg. Four sensory parameters (3
latencies and 1 conduction velocity) and one motor parameter (amplitude) showed
significant correlations with ‘most” of the Uy dose-metrics.

One Medium Exposure study found no significant correlations between median and ulnar
conduction velocity (in 3 sensory and 1 motor nerve) and current Upg (Triebig & Schaller
1982).

One Low Exposure study found no evidence of dose-related nerve conduction velocity. In
Angotzi et al. (1980), group mean sensory NCVs (2 nerves, 3 parameters) showed no
significant correlation with cumulative U, and no difference between groups of workers
stratified by current Upg above vs. below 50 pg/L, or stratified by job titles into three groups
that had mean current Upg levels of 39, 84, 108 ug/L respectively.

Nerve conduction studies were not performed in the <BE/ Exposure studies.

Electromyography: Four of the six studies that reported results of EMG also evaluated the
dose-relatedness of their findings; two described statistically significant associations
between exposure and/or dose levels and abnormal EMG findings.

Two of four High Exposure studies reported significant dose-related EMG findings. Miller et
al. (1975) evaluated correlations between 6 EMG parameters (5 frequency, 1 amplitude) and
current Uy, current Bpyg, and duration of exposure in exposed workers using a step-wise
regression analysis that included the effects of age, height, weight, and smoking (alpha =
p<0.10). Several of the frequency parameters were significantly correlated with current Upg
and Byyg, but not with exposure duration, while increased amplitude was significantly
correlated with exposure duration, but not current Upg or Bhg. Langolf et al. (1978)
evaluated correlations between EMG parameters, duration of exposure and 10 historical
indices of average and peak Upq mercury using a step-wise regression analysis that included
the effects of age, height, weight, smoking, blood pressure and education; a shift in EMG
power towards lower frequencies was significantly associated with increasing levels of
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historical Uy, but details were not provided. Gilioli et al. (1976) found no significant
correlation between ‘the number of motor units’ and a 3-tiered ‘risk index’ of exposure.
Zampollo et al. (1987) found no significant correlations between changes in EMG
(polyphasic motor unit potentials and/or fibrillation activity) and current Upg, Bug, or
duration of exposure.

The only case-control study that evaluated EMG did not report the dose-relatedness of EMG
findings separately. In that study, Albers et al. (1982) found that workers with clinical
evidence of PN had a higher prevalence of EMG abnormalities; a significantly larger than
expected proportion of those workers had Upg >50 pg/L vs. <50 pg/L.

Angotzi et al. (1980), the only Low Exposure study to evaluate EMG, did not report their
results, but used them in combination with clinical exam and motor NCV results to diagnose
PN. There was no evidence that PN was dose-related.

Electromyography was not performed in the <BE/ Exposure studies.

Visual evoked potentials: Both of the studies that evaluated VEPSs also assessed the dose-
relatedness of their findings; each reported significant results.

Urban et al. (1999) used ANOVA to compare differences between group mean values of five
VEP parameters in controls and two groups of exposed workers, one High (24-hr Upg: 840
Hg) and one Medlium Exposure group (24-hr Upg: 129 pg). The findings were inconsistent.
An apparent dose-related trend was seen for one of two parameters of amplitude (N1P1), but
the second (P1N2) showed an apparently paradoxical dose-response. A hon-monotonic
dose-response was found for the only latency parameter that yielded a significant result.

In a separate report, Urban et al. (1996) also performed correlation analyses. In the High
Exposure group, multiple regression analyses including age, gender, and alcohol, found a
significant correlation between current Upg and only one of three latency parameters and
neither of two amplitude parameters. No correlations were found between duration of
exposure and any of the VEP parameters. Such correlations were not evaluated in the
Medium Exposure group.

In the second study, Chang et al. (1995) also used ANOVA to evaluate the dose-relatedness
of the same five VEP parameters in a group of Low Exposure workers stratified by work
history into three exposure subgroups (Upg: 17, 18, and 47 pg/L). Group mean VEP values
were compared to those in matched controls from their laboratory database; a significant
increase was found for only one parameter, increased amplitude in the highest exposure
subgroup.

Testing of evoked potentials was not performed in the <BE/ Exposure studies.

Electroencephalograms: Neither of the two studies that evaluated conventional EEGs
assessed the dose-relatedness of their findings (Vroom & Greer 1972; Piikivi & Tolonen
1989). However, Piikivi and Tolonen (1989), using two-way ANOVA to evaluate
correlations between qEEG parameters and current and historical exposures (Upg, inorganic
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BHg, organic Bpg, total Bg, and TWA of total Byyg), as well as shiftwork, found ‘no
suggestion of a dose effect relation” on quantitative gEEG. Piikivi and Tolonen (1989) also
noted that the level of organic Byg was associated with the ‘generous consumption of fish’

in controls and exposed workers: ‘the possible influence of additional exposure to methyl Hg
on the [qEEG] could not be controlled in the study.’

EPS section summary: The limited number of studies performing EPS precluded
evaluation of the influence of age, study quality, and Upg on EPS summary results.

Influence of study quality

The cohort studies included in our review showed marked heterogeneity with respect to
levels of exposure, eras of study publication, and methodological adequacy. Assessment of
study quality indicated that risk of bias was lowest for NB studies and highest for PE
studies; 43% of NB study groups were categorized as Tier 1 (highest quality) and only one
group was considered Tier 3, whereas 37% of PE study groups were considered Tier 3
(lowest quality) and only six groups were Tier 1. The limited number of studies performing
EPS precluded meaningful assessment of study quality.

Analyses of the impact of study quality on study results suggested that lower quality studies
were more likely to report abnormal findings. Because of the relatively large number of
studies that considered PE findings, it was possible to identify an apparent interaction
between study era, study quality, and level of exposure. As seen in Supplemental Table 14,
the highest exposure studies tended to be the oldest. Not surprisingly, they favored PE over
NB and EPS testing, diagnostic methods that were more recently adopted. Likewise, those
older studies were performed in an era when higher exposure levels were permissible and
when research methods and statistical standards were less sophisticated and less widely
implemented. The increasing use of NB and EPS testing methods, and a growing
appreciation of methodological standards, coincided with often substantially decreased
workplace exposure levels. Accordingly, we cannot determine whether the much higher rate
of positive findings in those earlier studies was solely due to their much higher exposure
levels; the marked dose-relatedness and possible threshold suggests that was so. However,
effects of study quality, era of study, and level of exposure confound one another making
such conclusions less certain.

Summary

The principal goal of this review was to provide a first approximation of the neurological
effects one would have expected in previously-exposed mercury workers had they been
evaluated years before, during active exposure. To that end, studies of currently-exposed
workers were stratified into exposure categories (i.e. <BEI, Low, Medium, and High)
selected a priorfto reflect the range of group mean U levels reported in those previous
exposure studies. Overall, neurological effects were reported in 41 of 58 (71%) study groups
of workers with long-term exposure to elemental mercury vapor. The proportion of groups
with positive findings increased across increasing exposure strata in each of three types of
testing: PE, NB and EPS and in accordance with the sensitivity of the neurological
evaluation (EPS>NB>PE) (Supplemental Table 15).

Crit Rev Toxicol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fields et al.

Page 37

Dose-relatedness was also seen for those specific tests and outcomes observed in sufficient
numbers of groups to provide the data necessary for dose-response assessments. Among PE
tests, there were sufficient data to document dose-relatedness for the three most frequently
reported findings: tremor, impaired MC, and abnormal DTRs. Dose-relatedness was also
seen for NB tests that incorporated motor function such as tremor, manual dexterity, and
motor speed. There is a suggestion of dose-relatedness in the EPS data, but the number of
EPS studies was too small and focused on highest exposure strata, so no definite conclusion
could be made.

Although limited, the existing data suggest the possibility of response thresholds that
characterize individual tests and functions. With few exceptions, PE findings of tremor,
impaired MC, and abnormal DTRs were more prevalent in exposed workers with group
mean Upg levels =275 pg/L than in corresponding controls.

Among studies that reported positive PE findings, six did not fit the dose-response patterns
described above. Those studies, which reported positive PE findings at mean Uy levels
<200 pg/L, suffered from a variety of methodological limitations (e.g. small sample size,
confounding, and lack of statistical testing) that are discussed below.

NB findings of tremor and motor function were seen at much lower levels of exposure, but
not below Upgq levels of 20 pg/L. There was considerable agreement among studies that NB
tests of motor accuracy (i.e. tests which requires motor ability as well as other abilities such
as correct perception/information processing) do not yield abnormal results in mercury-
exposed workers regardless of exposure levels. No significant differences were seen between
exposed workers and controls in the 15 groups evaluated on attention/response speed and the
eight groups evaluated on perceptual motor speed.

Discussion

Our systematic review, which considered objective neurological effects associated with
occupational exposure to elemental mercury is the largest of its kind, spanning nearly six
decades (1951-2007) of published findings for over 3,000 workers exposed for up to 45
years across a broad range of Hg? concentrations (0.002 to 1.7 mg Hg/m?3) in a variety of
industries.

The purpose of this review was three-fold: (1) to identify the types and patterns of
neurological effects most frequently observed in workers currently exposed over a range of
HgP exposures; (2) to evaluate the dose-relatedness of those effects; and, (3) to determine the
effects most likely to occur following specific levels of exposure.

We encountered a heterogeneous collection of studies that varied with respect to exposure
levels, study size, tests performed, presentation of results, use of statistical testing, and
methodological adequacy. Because some studies reported only aggregated results (e.g.
impaired motor coordination on PE or NB testing, without detailed results for individual test
components), we could not always identify the specific effects observed, or not observed.
The latter situation occurred when studies (primarily focused on NB testing and/or EPS)
reported only that PE was ‘normal’, but did not specify which PE tests had been performed.
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Other studies, particularly the PE studies, failed to consider the prevalence of abnormalities
in controls and fewer performed statistical tests. In those, it was often not possible to
determine whether the reported effects had occurred significantly more often than expected.
In addition, some of the NB and EPS studies compared exposed workers vs. controls in
terms of the group means of quantitative test results, but did not describe the actual
distributions of those results or the numbers of workers with abnormal results. When such
studies reported significant effects, it was generally not possible to determine whether
exposure had caused relatively small effects in a large proportion of the workers, or
relatively large effects in only a few.

Such limitations had little impact on our ability to identify the most frequently observed
neurological effects or to demonstrate their dose-relatedness. But, as described below, they
provided a challenge to identifying the specific effects that might be expected at particular
exposure levels. They also made it more difficult to determine which specific tests would
most reliably detect adverse effects in individual workers at various levels of exposure.

We have probably overstated the number of study groups positive for effects on PE because
we regarded studies that reported any abnormal findings in groups of exposed workers as
‘positive’ even when they did not consider background prevalence and determine statistical
significance. For example, in seven PE studies that included controls, point prevalence of
tremor in control groups averaged 8.2% and ranged up to 20%. In light of such background
prevalence rates, it is likely that some of the studies listed as positive for tremor
(Supplemental Table 7a) described effects that actually were not significantly increased.
Lack of control data and statistical testing also limited our ability to conclude whether other
effects reported in PE studies had occurred significantly more often than expected, as
demonstrated in Supplemental Tables 8a and 9 for MC and DTRs, respectively.

Patterns of effects

Overall, motor abnormalities were much more frequently reported than sensory
abnormalities, which might suggest a predominant effect of elemental mercury on the motor
system. However, because abnormal sensation is not considered a ‘classical neurological
sign’ of mercury intoxication (WHQO 1991), it is possible that sensory function was not
evaluated in some of the study groups. Among those studies that reported results of sensory
testing, six of 11 reported abnormalities on PE, two of three reported sensory deficits on NB
testing, and EPS testing of exposed workers documented a greater frequency of NCS deficits
in sensory rather than motor nerves. Accordingly, we find no evidence that mercury toxicity
tends to target the motor system or spare the sensory system.

Among studies with positive findings on PE, tremor was reported at least twice as often as
other motor abnormalities (i.e. MC, DTRs, and reduced strength). NB testing of motor
function suggests that exposure status is associated with postural and intention tremor, but
not Kinetic tremor, and with abnormalities in tests of dexterity and motor speed, but not in
tests of perceptual motor speed, attention or reaction time. It is not possible to compare NB
tremor subtypes to corresponding findings on PE, because PE studies rarely characterized
the tremors they observed.
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As noted above, sensory abnormalities on NCS were more common than motor
abnormalities. The NCS parameters most frequently documented as abnormal were
prolonged latencies and reduced amplitudes. However, those abnormalities were found more
often in upper extremities, not lower extremities, a finding that differs from expectations
(Spencer et al. 2000). Conduction velocity was the only parameter that had abnormal
findings in the expected direction: (lower > upper) was observed across both sensory nerves
(75% vs. 25%) and motor nerves (33% vs. 0%). EMG was less frequently performed, but
reported results were always abnormal; the most commonly described effect was polyphasic
MUPs. The EMG findings were indicative of active denervation (fibrillations, positive
waves) and reinnervation (prolonged MUP duration, polyphasic MUPSs) (Feldman 1999b).

The pattern of the most commonly reported effects on EPS (reduced amplitudes, prolonged
distal latencies and normal to slightly reduced conduction velocity on NCS, along with the
EMG abnormalities noted above) is compatible with sensorimotor polyneuropathy due to
axonal degeneration (Albers et al. 1982; Spencer et al. 2000; Franssen and van den Bergh
2006).

Dose-relatedness of effects

We next considered dose. We presumed that effects reported with consistency and in a dose-
related pattern across studies stratified by increasing Ungq levels were those most likely to be
the consequence of mercury exposure. On PE, the three most frequently reported positive
findings were all in the High Exposure category, with the exception of a handful of outlier
studies that are discussed below. Evidence of dose-relatedness for tremor, and impaired MC
and DTRs was also reported in most of the individual studies that examined dose-response.

On NB testing, tremor and motor function outcomes both showed a dose-related increase in
the frequency of positive studies across increasing exposure categories. However, in our
analysis of tremor subtypes, evidence of dose-relatedness was strongest for postural tremor,
suggestive for kinetic tremor, and lacking for intention tremor. The small number of studies
evaluating intention tremor or Kinetic tremor may have limited our ability to evaluate dose-
relatedness. Results from dose-response analyses performed in individual studies found
dose-relatedness for postural (6/13 studies) and Kinetic tremor (3/5 studies), but not intention
tremor (0/6 studies). Individual studies that evaluated the dose-response of motor function
found dose-relatedness for tests of dexterity and motor speed.

On EPS testing, results of NCS and EMG each showed dose-related increases in the
frequency of positive study groups across increasing categories of exposure, but the trends
were based on small numbers of observations. Dose-response analyses performed in
individual studies provided additional support for those findings: results were positive only
among High Exposure studies; significant associations were observed for the ‘highest urine
indexes’ (Langolf et al. 1978; Albers et al. 1982), mean 24-hr Upg of 840 pg (Urban et al.
1999), and the number of Upg peaks >250 or >500 ug/L (Albers et al. 1982; Levine et al.
1982).
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Effects most likely to occur at specific exposure levels

The reported study results provide perspective on those mercury-induced effects that can be
expected at various levels of exposure and, therefore, the sorts of testing most likely to be
diagnostically appropriate. As a general rule, abnormalities on PE should not be expected in
studies of currently-exposed workers with group mean Upg <200 pg/L. In studies with
higher urine levels (i.e. group mean UHg >275 ug/L), tremor, impaired MC, and abnormal
DTRs are likely. By contrast, those PE findings should not be so readily ascribed to mercury
toxicity in currently-exposed workers with lower Uy levels, and other causes of
neurological dysfunction should be pursued.

Because few studies described the type of tremor observed on PE, we were unable to
identify which specific tests of tremor would be most useful. Similarly, abnormal findings on
MC testing were more often reported for ‘DDK’ and “ataxia’ than for ‘gait’, ‘nystagmus’ or
‘heel-to-shin’ testing, but variations in testing details and possible overlap of outcomes
limited our ability to identify which specific test(s) were most sensitive or most useful.

Among workers with Upg <200 pg/L, PE offers little diagnostic value. Instead, these
individuals should be evaluated by means of NB or EPS testing. Abnormalities on EPS
testing of NCS and EMG can be seen at levels >80 pg/L. As for NB, it was the only type of
evaluation that identified neurological effects, particularly those inclusive of a motor
component (e.g. tremor and motor function), in groups with mean Upg levels <50 pg/L. On
NB testing of tremor, the frequency of abnormal findings was similar between studies that
used physiological techniques vs. hand-eye coordination tests of motor steadiness. Tests of
manual dexterity (e.g. Grooved Pegboard, Santa Anna Dexterity) and motor speed (e.g.
Finger Tapping) showed consistency across studies and were also dose-related.

This finding for NB testing is consistent with the conclusions of a recent meta-analysis that
described mainly motor-related NB deficits in groups of workers with mean Upg <50 pg/g
creatinine and estimated individual Upg mainly <100 ug/g creatinine (Meyer-Baron et al.
2002). That analysis also reported evidence that the magnitudes of NB effects were dose-
related.

On EPS, testing of NCS and EMG revealed abnormalities in all but a few studies. The
pattern of findings in the reviewed studies is consistent with axonal sensorimotor
polyneuropathy. However, the same findings have been associated with a variety of
metabolic disorders (e.g. diabetes, hypothyroidism, nutritional deficiencies) and chronic
alcohol abuse, thus findings of subclinical PN in individual workers should be interpreted
with caution. Testing of VEPs and EEGs was rarely performed, thus our analyses cannot
conclude their usefulness for the evaluation of Hg0-exposed workers.

Outlier studies

As noted above, six ‘outlier’ PE studies with group mean Uy levels <200 ug/L reported
abnormalities on PE (ie. Tremor, impaired MC) that were inconsistent with the dose-
response patterns seen in the other 47 studies. These studies suffered from a variety of
methodological limitations.
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Four studies did not determine statistical significance, a deficiency of particular importance
for Triebig and Schaller (1982), who described tremor in two of 18 (11%) exposed workers,
and Angotzi et al. (1981), which found ‘cerebellar’ abnormalities in three of 55 (5%)
exposed workers. Because both reported prevalence of abnormalities in the range generally
seen in unexposed controls, and because neither considered control populations, it is
possible that these two studies actually did not document Hg0-related adverse PE effects.
Moreover, Upg levels ranged up to 380 ug/L in one study and 1200 ug/L in the other, thus
some of the positive findings may have resulted from High exposures.

Two other studies suffered from small sample size, which can result in unrepresentative
findings by chance (Coggon et al. 2003), and confounding. In the first, Tang and Li (2006)
reported tremor in seven of nine workers with “‘mercury poisoning’; mean Upg levels were
>50 ug/L, but the range was not indicated. Because the workplace was small and poorly
ventilated, and mercury drops were seen on the ground and tables, we suspect that some had
substantially higher levels. Other factors noted as possibly contributing to tremor “‘physical
conditions and age’ and ‘malnutrition’.

In the second small sample study, Zedda et al. (1980) reported ‘intentional tremors’ in six of
seven workers (and subclinical PN in five of seven) with Upg concentrations <200 pg/L
during the previous two years. The study authors noted the “absence of other neurotoxic
causes (diabetes, alcoholism, etc.)’, but they also reported that four workers drank 0.5 to 1
liter of wine per day and a fifth drank more than 1.5 liters per day, equivalent to ~3 to >10
standard drinks per day (CDC 2014). Such alcohol consumption, commensurate with
‘Alcohol Use Disorder’ and ‘Heavy Drinking’ (National Institute on Alcohol Abuse and
Alcoholism 2016), has been associated with intention tremor (National Institute of
Neurological Disorders and Stroke 2016) and EPS findings of peripheral neuropathy
(Monforte et al. 1995).

A fifth study (Ehrenberg et al. 1991) reported results that were generally inconsistent with
the other studies in our review. On PE, there was a statistically increased prevalence of
abnormal MC, but not tremor or hyperactive DTRs. The finding of significantly increased
MC abnormalities for ‘heel-to-toe walk’, but not for three other tests of MC (i.e. finger-to-
nose, DDK, and “gait disturbance”) was also inconsistent with patterns of MC effects
reported in other studies. Finally, the most common DTR abnormality, hyporeflexia, was
significantly and paradoxically more common in the controls. Thus, the pattern of Ehrenberg
findings does not align with one of the ‘cardinal tenets of neurotoxic disease’: “most
chemicals ... produce a consistent pattern of disease, commensurate with the dose and
duration of exposure’ (Spencer et al. 2000).

The authors concluded that their finding of such a high prevalence of hyporeflexia in
exposed and control workers was ‘not readily explained’ (Ehrenberg et al. 1991). However, a
possible explanation not discussed by Ehrenberg et al. was alcohol abuse, perhaps a response
to the substantial psychological stresses reported among the workers and their community,
including closure of the facility and loss of jobs following documentation of “off-site
contamination’ (Anon 1988; Ehrenberg et al. 1991; Hudson et al. 1987; Zirschky &
Witherell 1987). Abnormal heel-to-toe walking is regarded as a ‘reliable and rapid screening
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test” for alcoholic cerebellar dysfunction (Walker 1990) and hyporeflexia is considered one
of the “‘minor criteria for the diagnosis of alcoholism’ (Kissin 1977).

The sixth study (Gambini 1978) described two cohorts of workers at the same chloralkali
facility. The first comprised 131 workers with mean Upg of 59 ug/L who routinely rotated
through various jobs with differing exposure levels to reduce individual Hg® exposures.
Compared to controls, those workers had no significant increase in tremor. The second
cohort was composed of 129 workers not previously exposed who spent two years
renovating the facility. These workers were evaluated prospectively with quarterly PE exams
and monthly Upg measurements; they were not rotated between high- and low-exposure
jobs. Compared to controls, tremor was significantly more prevalent (13 of 61) in workers
with at least one Upg >50 pg/L (group mean: 54 ug/L), but not in 68 workers who never had
Ung >50 pg/L. The range of Uyg levels in the second cohort was not described, but urine
levels in the first cohort ranged up to 520 pg/L. It seems likely that some of the affected
workers may have been exposed to very high exposure levels.

Accordingly, we are skeptical about the ability of these six studies to inform our thinking
about the dose-relatedness and possible thresholds associated with the toxic effects of
elemental mercury.

Variability of PE outcomes across studies

Although the results of prevalence analyses showed consistent positive dose-related trends
across exposure categories, within each exposure strata the results of individual studies
varied substantially. Possible reasons include small sample size, misclassification of
exposure, selection bias, and individual differences in susceptibility related to job
characteristics, lifestyle factors (i.e. smoking, alcohol intake, and nutrition) and genetics.
Several authors have suggested that only resistant workers remain in mercury-exposed jobs,
while those more susceptible self-select out of the workforce (Piikivi & Hanninen 1989;
Roels et al. 1989).

Small Sample Size—To better understand the possibility that small samples may yield
unrepresentative results, we reanalyzed the large database of PE tremor findings, comparing
results from all studies vs. studies restricted to only those with at least 20 exposed workers.
Overall, the average point prevalence rates across exposure categories in the restricted
analysis were similar to those in the original analysis, but within each category, tremor
prevalence differed substantially among individual studies. In our original ‘unrestricted’
analysis, tremor prevalence rates in the three High Exposure subcategories (i.e. Upg of 200~
299; 300-499; and, >500 pg/L) ranged widely: respectively, 0-86%, 10-100%, and 0-100%.
By contrast, much less variability was seen among studies in the restricted analysis: 0-21%,
10-31%, and 18-74%, respectively. There is also evidence that at least some of the smaller
studies were subject to selection bias (Vroom & Greer 1972; Tang & Li 2006). Accordingly,
we urge caution about relying on such smaller studies.

Exposure Misclassification—Another explanation for the variability of results across

studies involves potential exposure misclassification. One example stems from the practice
of rotating workers between high- and low/no exposure tasks. Temporary ‘medical removal
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protection’ of over-exposed workers has long had a place in workplace safety programs (e.g.
OSHA 1978, 1992), and rotation of workers to reduce cumulative exposures and in response
to acute Hg? toxicity was specifically described in a number of the reviewed studies (Miller
et al. 1975; Gambini 1978; Langolf et al. 1978; Langolf et al. 1981, Piikivi et al. 1984; Bunn
et al. 1986). Because the urinary half-life of inorganic mercury is relatively short
(approximately 60 days (Clarkson et al. 2003)), spot urines obtained in cross-sectional
assessments of rotating workers would tend to understate the exposures experienced by
those workers rotated away from high-exposure tasks. Thus following removal from
exposure, workers with tremor after High Exposures might be wrongly categorized as
Medium or Low Exposure based on current Upg despite high body burdens. On the other
hand, workers more recently rotated into high exposure tasks might have high current Uy
levels, but relatively low body burdens and no objective findings of toxicity (Lauwerys &
Hoet 2001).

Another example of exposure misclassification is found in a study of five workers exposed
for 5 to 7 years (Gonzalez-Fernandez et al. 1984). During their last seven months of work,
plant production decreased, TWA air levels fell from 800 to 80 ug/m3, and mean Ung levels
declined from 979 pg/L (range: 875-1100) to 84 ug/L (range: 63-97). PE at the end of that
seven month period documented tremor and impaired MC in all five (100%). Had these
workers been categorized based on only urines obtained when they were examined, they
would have been described as a Low Exposure (50-99 ug/L) group with 100% abnormal
findings, and strikingly inconsistent with other Low Exposure groups. By contrast, their
history of markedly elevated Upq levels indicates that they were High Exposure workers and
their PE findings were consistent with other High Exposure groups.

Exposure misclassification is also a likely explanation for the paucity of dose-related
findings in two High Exposure PE studies. Bunn et al. (1986) found no evidence of dose-
relatedness of tremor, abnormal MC or DTRs in comparisons across workers stratified by
work history into three groups associated with increasing Upg levels. Notably, workers with
symptoms of toxicity or Upg >250 pg/L were routinely removed from exposure. Moreover,
Ung levels in the high- and intermediate-subgroups overlapped: 64% of the high subgroup
and 29% of the intermediate subgroup had Upg levels in the 200-500 ug/L range. El-Sadik
& Abdel-Aziz (1970) reported that point prevalence of tremor and abnormal DTRs that
increased with duration of exposure (=3 vs. <3 years), but not with current Upg levels. The
study authors attributed this lack of association to the development of mercury-induced renal
disease, noting that Uy had increased with duration of exposure during the first years of
exposure, but then decreased as exposure continued.

Confounders and Effect Modifiers—In contrast to small sample size and exposure
misclassification seen across all ranges of exposures, the effects of confounding are more
likely to impact lower dose studies: ‘As we approach the lower end of the dose response
curve, the health endpoints become more and more nonspecific. Confounders play an
increasing role and become more difficult to control’ (Clarkson 1998). This can be seen by
considering the impacts of smoking on tremor, an acute effect of nicotine exposure (Louis
2007). In the general population, studies have reported significant associations between
smoking and postural tremor detected using NB tests (Lippold et al. 1980) and kinetic
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tremor detected on PE (Louis 2007). However, the importance of smoking as a potential
confounder or effect modifier has received little attention in studies of occupational
neurotoxicants (Ellingsen et al. 2001).

In five studies with Upg above 50 ug/L that specifically considered smoking, three reported
its effects on tremor were significant, but secondary to the significant effects of mercury
exposure (as measured by Bpg or Upg) (Chaffin et al. 1973; Verberk et al. 1986; Iwata et al.
2007), while two others found no significant correlation between smoking and tremor
(Langolf et al. 1978; Langworth et al. 1992). In three <BEI studies that found no difference
between exposed workers and controls on NB tests of tremor, smoking was associated with
postural tremor (Ellingsen et al. 2001; Camerino et al. 2002; Wastensson et al. 2006) and
poorer performance on tests of motor function (Ellingsen et al. 2001; Camerino et al. 2002).
In Ellingsen et al. (2001), current smokers had significantly worse scores on Static
Steadiness and borderline worse scores on Grooved Pegboard than non-smokers. Similar
results were found when the workers were re-examined several years after cessation of
exposure (Bast-Pettersen et al. 2005; Ellingsen et al. 2006). The authors cautioned that
smoking ‘may act as an important confounder in epidemiological studies of mercury vapor’
(Bast-Pettersen et al. 2005) and that these effects might be modulated by age (Ellingsen et
al. 2006).

A different confounding concern was raised by (Roels et al. 1982) in a study of 43 exposed
workers: smoking during the work shift ‘significantly increases the exposure to mercury
vapor’. Among 25 smokers, median Upg was 159 pg/L and median Bpg was 25.5 pg/L,
compared to 18 non-smokers with Upq of 64 ug/l and Bpg 15.7 pg/L. We are not aware that
this finding, which might be due to smoking-induced volatilization of Hg® from the hands of
contaminated smokers (Colquitt 2003), has been corroborated.

Implications of these results

In addition to their significance for the clinical assessment of mercury intoxication, the
findings of our analysis have potentially important implications for future studies of
mercury-exposed workers and, perhaps, for neurotoxicants more generally. They also lend
independent support for the recently adopted ACGIH BEI of 20 pg/g creatinine (ACGIH
2013).

Exposure levels and dose metrics should be considered in the context of each subject’s
exposure history. The longer half-life of Hg in urine than blood makes Uy a preferred dose
metric for chronic exposure studies, but the informational value of spot urines is limited
because they principally reflect recent exposures. In workers who rotate jobs and in others
whose exposures are inconstant, spot urines can misclassify actual exposures. Differing
results have been reported when effects were related to current Upg, average Upg, peak Upg,
or cumulative Uy (i.e. average Upg % duration). The accumulated evidence suggests that
peak exposures are the most important determinants of mercury toxicity; regardless of
current Upg levels, future studies should seek evidence of such peaks in each worker’s
history.
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The choice of tests to perform and functions to assess should reflect the levels of exposure
under consideration. PE can usefully discriminate among high exposure workers, but its
value is severely limited in the assessment of groups exposed to lower Hg? levels, for whom
NB testing is more appropriate. Testing of motor function that includes assessment of other
abilities in addition to motor skills (i.e. tests of reaction time and perceptual motor speed) is
apparently not useful for assessment of mercury toxicity. Further, the selection of tests
should include at least a minimum battery of standardized tests that ‘detected positive effects
in published studies’ (Rohlman et al. 2003; Stern 2010b; Anger 2014), the results for each
component should be presented along with appropriate statistical comparisons to well-
matched controls and/or historical baselines. The goal should be not only to document the
effects of exposure, but to also determine the best and most economical ways to detect those
effects.

Concerns about potential confounders and effect modifiers have been too often ignored in
these and other occupational studies. The use of controls matched on the basis of general
demographics (with or without exclusion criteria) may not be sufficient to control for the
confounding effects of smoking, alcohol, and medications. In the near future, it will also be
necessary to control for genetic differences (Schulte et al. 2015). Much as specific
susceptibility to trichloroethylene has been linked to polymorphisms in genes affecting its
reductive metabolism (Moore et al. 2010), we expect that differential susceptibility to Hg? is
linked to variations in genes that affect its oxidative metabolism by catalase, and possibly its
reduction by tissue thiols (Hursh et al. 1980; Khayat and Dencker 1984; Custodio et al.
2005; Gundacker et al. 2010; Goodrich et al. 2011; Ogata et al. 2016).

Limitations of this systematic review

The main limitations of the present review are the design and methodology of older
occupational studies, particularly those conducted at a time when HgP exposures were
substantially higher than occurs today in the modern workplace. Their failure to describe
detailed findings including relevant negative results and their lack of statistical evaluations
using matched controls or historical baselines limited our ability to evaluate the utility and
value of specific individual tests. Likewise, even among more recent studies, few used and
described the results of the same tests, although most tested the same neurological domains.
Thus, we could document dose-relatedness and estimate response thresholds for a small
number of PE, NB and EPS effects in general, but dose-relatedness and response thresholds
could not be determined for most of the specific tests used in the various studies.

Another limitation was that various studies reported their urine measures in differing ways
(e.g. g Ha/L, ug Hg/g creatinine, or ug Hg per 24 hours), requiring values to be converted
to a common metric to enable comparisons across studies. As discussed in the methods
section, conversions to ug/L were made by using the midpoint of the range reported for
creatinine concentration, or urinary volume. However, we also performed conversions using
alternatives conversion factors (i.e. the lower and upper bounds of creatinine concentration,
1.0 to 1.8 g/L, and urinary excretion rates, 1.0 to 2.0 L/24 hrs); it did not alter the
conclusions of our review.
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We also considered the possibility that our inclusion criterion of exposure to Hg “‘generally
for at least 3 months’ might have biased our results. Based on our literature review, the
choice of the three month criterion seemed reasonable. For example, ACGIH has repeatedly
summarized evidence that following onset of exposure to HgP there is a latency period in
urinary excretion that reflects renal accumulation of Hg. Until some threshold is reached,
urine Hg understates body burden. ACGIH estimates that such latency ‘can take 10 days for
high exposure and six months for low exposure’ (ACGIH 1996, 2013). Because most of the
studies we considered involved either high-dose exposures (and thus would have shorter
latency periods) or lower-dose exposures of longer than three months, the three month
criterion seemed appropriate. Most of the studies that we reviewed described exposures of 6
months or more; of eight studies that did not specifically report duration of exposure, seven
were High Exposure studies that presumably would have achieved the renal threshold after
relatively short latencies. Accordingly, we think that this specific inclusion criterion did not
affect our study findings.

Conclusion

According to a 1991 NIOSH Health Hazard Evaluation of Hg-exposed workers: *...studies
of the health effects of mercury exposure have shown difficulties in defining which health
effect may be expected at specific exposure levels’ (Reh et al. 1991). We were able to
address these limitations by expanding the focus beyond individual study findings and
examining the consistency, patterns, and dose-relatedness of objective motor and sensory
neurological effects described in all eligible studies stratified across categories of exposure.
This type of systematic review allowed us to identify the types of neurological effects most
commonly associated with ongoing exposure to elemental mercury vapor and the exposure/
dose levels at which they occurred. These findings suggest that for diagnosing mercury
intoxication in currently exposed workers, PE is of particular value in those with Upg >200
Mg/L but not in those with lesser exposures. By contrast, NB testing is of particular
diagnostic value in those with lower Upg levels. The results of these analyses in currently
exposed workers can how be compared to the type and frequency of neurological findings
reported in workers with historical Hg exposure to shed light on the questions about the
persistence of Hg-induced neurological effects.
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Exp. Cat. Publications (quality tier) Uyg  Significance? PE  Tremor MC DTRs Strength Balance Sensory Vision PN
h West 1968 (2) 1793
h Li 2007 (2) 1080
h Rentos 1978 (2) 1078
h Vroom 1972-selected cohort (3) 880
h  ElSadik 1970 (2) ~690
h Zampollo 1987 (3) 672
h Suwa 1969 (3) 564
h Urban 1996- cohort 1 (3) 560*
h Smith 1970-group a (2) ~587 Sig.
h Gonzalez-Fernandez 1984 (3) 446
h Bidstrup 1951-group a (3) ~437
h Miller 1975 (3) 360
h Bunn 1986-cohort 1 (2) 315
h  Smith 1970-group b (2) ~293 Sig.
h Levine 1982 (3) 290
h  Gilioli 1976 (3) ~276
h Pranjic 2003 (1) 276
h Langolf 1978 (1) 240
h McCullough 2001 (3) 235%
m Smith 1970-group ¢ (2) ~184 NS
m Bidstrup 1951-group b (3) ~184
m Roels 1982 (2) 173*
m Roels 1989 (1) 135%
m Bunn 1986-cohort 2, group a (2) 133
m Gunther 1996-group a (2) 131
m Triebig 1982 (3) 123
m Cavalleri 1995 (2) 115
m Urban 1996-cohort 2 (3) 105
m Ehrenberg 1991 (2) 102* Sig.
| Zedda 1980 (3) 93
| Angotzi 1981 (2) 82
| Smith 1970-group d (2) ~69 NS
| Bunn 1986-cohort 2, group b (2) 69
| Gambini 1978-cohort 1 (2) 59 NS
| Piikivi 1984 (2) 58
| Gambini 1978-cohort 2, group a (2) 54 Sig.
I Chang1995 (3) 53 RN
| Tang 2006-group a (2) 50 Sig.
| Verberk 1986 (3) 50 NR
b Langworth 1992 (1) 35 NS ) =) (-)
b Tang 2006-group b (2) 30 NS (-) (-)
b Gambini 1978-cohort 2, group b (2) 25 NS (-) (-)
b Gunther 1996-group b (2) 24 NR
b Chapman 1990 (3) 23 (-) (-) () ()
b Piikivi 1989 (1) 17 () )
b Wastensson 2006 (1) 11 NS (-) (-) (-) (-) (5) 0 ()
Legend: - positive finding () |null finding no data
paradoxical finding NR testing performed, but results not reported
Figure 1.

Overview of occupational cohort studies that evaluated the association between mercury
exposure and PE outcomes. Studies are listed top to bottom by decreasing group mean Upg
values (ug/L) in exposed workers, and category of exposure is denoted (h=high, m=medium,
I=low, b=<BEI).

Abbreviations: DTR = deep tendon reflexes; Exp. Cat. = exposure category; MC = motor
coordination; NR = not reported; NS = not statistically significant; PE = physical
examinations; PN=peripheral neuropathy; Sig. = statistically significant
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* = Ung value was converted to pg/L from units originally reported in study, ~ = Upg
estimated from average air Hg concentrations, as described in the Methods Section

Crit Rev Toxicol. Author manuscript; available in PMC 2018 November 01.

Page 55



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fields et al.

Exp. Cat. Publications (quality tier) Uye* NB Tremor Motor Function

c ocoooooooooo —————333 33 o 535z

Page 56

t

Color

Motor Accuracy Sensory Vision Balance
T T

T T T T T
Sum Postural Intention Kinetic  MC Dext Speed SD SRT CPT CRT
Phy HE Phy HE Phy HE

Vroom 1972 (2) 880 (+) () (+) (+)
Miller 1975 (2) 374 @ @ | ® ] @ 0] |6
Iwata 2007 (1) 301 ) | & (-)
Pranjic 2003 (1) 276 [N ) (+)
Langolf 1978 (1) 240 ) |+ )| ® ()
McCullough 2001 (2) 235 (+) || () (-) (-) (-)
Roels 1982 (2) 173* (+) (+) (-)
Roels 1989 (1) 135* @O [EH] 6]
Gunther 1996-group a (2) 131 (+) (+) +) | &) () (+)
Cavalleri 1995 (2) 115 (+) (+)
Schuckmann 1979 (2) 108 () e () () ()
Angotzi 1981 (2) 82 ) NR NR | NR NR
Roels 1985-males (1) 73 ) | ) (+) (-) ()
Piikivi 1984 (1) 58 (+) "
Roels 1985-females (1) 52 () [ ) (-) (-) ()
Verberk 1986 (3) 50 [ORECIED)
Langworth 1992 (1) 35 ) f ©) () G 1606
Urban 2003 (2) 29 (+) (+)
Fawer 1983 (2) 28 +) || (+)
Liang 1993 (2) 25 (+) ) [ )] () ()
Gunther 1996-group b (2) 24 (+) (+) | *) () (+)
Chapman 1990 (1) 23 (+) || +)
Soleo 1990-group a (2) 18 (-) (-) ()| ()
Camerino 2002 (1) 17 G KG) 5 () ()
Piikivi 1989 (2) 17 (-) () (G| NG) ()
Ellingsen 2001 (1) 15 () ) () ] 6 6 ()
Soleo 1990-group b (2) 12 (-) (-) ()| ()
Wastensson 2006 (1) 11 () | ) GRIEENNGREGRRE)
Legend: positive finding T null finding testing not performed
paradoxical finding NR |testing performed, but results not reported
Figure 2.

Overview of occupational cohort studies that evaluated the association between mercury
exposure and neurobehavioral outcomes across six functional domains. Studies are listed top
to bottom by decreasing group mean Upg values (ug/L), and category of exposure is denoted
(h=high, m=medium, I=low, b=<BEI).

Abbreviations: CPT=Continuous Performance Test; CRT=Choice Reaction Time;
Dext=dexterity; HE=hand-eye coordination tests of motor steadiness used to measure NB
tremor; MC=motor coordination; NB=neurobehavioral testing; Phy=physiological tests of
NB tremor; SD=Symbol Digit/Digit Symbol; SRT=Simple Reaction Time

* indicates Upg was converted to pg/L from units originally reported in study as described in
the Methods Section

T Results of motor steadiness tests were tabulated as Tremor (see HE columns for Postural,
Intention and Kinetic tremor)

1 Mixed results: study reported performance in exposed workers was significantly poorer in
comparison to controls, but analysis of dose-effects were paradoxical (i.e. higher exposure
was associated with better performance).
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Cat. Publications (quality tier) quT Significance?*  EPs NCS EMG VEPs EEG
T T T T T 1
E Sum NCV AMP AT LR EMG AMP  IAT
g h Vroom 1972 (2) 880 Sig. (+) (+) (+) (+) (+) (+)
= h  Zampollo 1987 (2) 672 NR (+) (+) (+) (-) (+) (+)
QZJ h Urban 1996- cohort 1 (2) 560* Sig. (+) (+) (+) (+)
2 h  Miller 1975 (2) 374 Sig. (+) (+)
8 h Levine 1982 (2) 290 Sig. e ® @
= h  Gilioli 1976 (3) ~276 Sig. @ I ® (+)
- h Langolf 1978 (1) 240 Sig. (+) (+) (+)
m  Triebig 1982 (2) 123 Sig. ) | )
m  Urban 1996-cohort 2 (2) 105 Sig. (+) () (+) ()
| Zedda 1980 (3) 93 (-) (-) (5) ()
| Angotzi 1981 (2) 82 Sig. (+) (+) NR
| Chang 1995 (2) 53 Sig. (+) (+) ()
<1—> b Piikivi 1989 (1) 17 NS () )
5
o
% Legend: (+) [positive finding testing not performed
Q (-) [null finding NR |[testing performed; results not reported
2
I Figure 3.
_é‘- Overview of occupational cohort studies that evaluated the association between mercury
- exposure and four types of electrophysiological outcomes. Studies are listed top to bottom
by decreasing group mean Upg values (ug/L), and category of exposure is denoted (h=high,
m=medium, I=low, b=<BEI).
Abbreviations: AMP=amplitude; EEG=electroencephalogram; EMG=electromyography;
EPS=electrophysiological studies; L=lower limbs; LAT=latency; LR=late responses (H-
> reflex, F-wave latencies, and myotatic stretch reflex); NCS=nerve conduction studies;
% NCV=nerve conduction velocity; Sig. = statistically significant; U=upper limbs;
Q VEPs=visual evoked potentials
< T 1 Upg values with an asterisk * indicate U was converted from units originally reported
% in study, ~ indicates Upg was estimated from average air Hg concentrations, as described in
c .
9 the Methods Section
= ¥ Studies that evaluated the statistical analyses of their findings did not report the results for
- all outcomes tested; positive findings reported as statistically significant have been
emboldened.
>
=
=0
Q
<
)
S
c
%)
Q
=t
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Tremor Classification Scheme

Table 1

Page 58

Tremor | Subtype Occurrence Examples of diagnostic tests
Type
PE: Hands resting at sides while lying down,
resting in lap while seated, or relaxed at sides
imbi while standing.
Rest Rest/resting tremor ngfnnstlmrlgvlist at rest and supported 9
9 g Y NB: Accelerometry
EPS: Electromyography
PE: Sustained arm extension
QA At When voluntarily elevating the limb . R . »
Postural/Sustention/“Static” tremor against gravity NB: Accelerometry; “Nine-Hole Steadiness Test
EPS: Electromyography
0 ded PE: Finger-to-nose maneuver
. During a visually guided, movement
Intention tremor that approaches a target. NB: Hand-eye coordination tests involving aim:
“strike central area of discs”
Action o . X
Kinetic tremor | During any voluntary movement | PE: Finger-to-nose maneuver
“Simple” | During any involuntary movement | EPS: Electromyography
PE: Writing
“Task ific” . ifi K NB: Tracking: Neurobehavioral Evaluation System
Task-specific During a specific tas (NES, NES2); Drawing: “Bender visual-motor
gestalt adult test (BGT), “Benton visual
reproduction test (B-VRT)”

Abbreviations: PE = Physical Examination; NB = Neurobehavioral; EPS = Electrophysiological Studies.

Sources: NIH NINDS Tremor 2014 (National Institute of Neurological Disorders and Stroke (NINDS) 2012); Buijink 2012 (Buijink et al. 2012);
Merck Manual Tremor 2013 (Gonzalez-Usigli and Espay 2013); Louis 2007 (Louis 2007), and Sternberg 2013 (Sternberg et al. 2013).
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Table 9

Nerve conduction study results: analysis of patterns of effect

Patterns of Effect A NCS Outcomes™  Melocity (NCV)  Latency  Amplitude
ALL NCs: 29% 22% 41% 36%
(21/72)t (8/36) (7117) (5/14)
Sensory: 44% 38% 67% 40%
VS. (12/27) (6/16) (4/6) (2/5)
Motor: 20% 10% 27% 33%
(9/45) (2/20) (3/11) (3/9)
Upper Limbs: 29% 13% 55% 44%
VS. (13/45) (3/24) (6/11) (4/9)
Lower Limbs: 30% 42% 17% 20%
(8/27) (5/12) (1/6) (1/5)

Page 70

Table presents the percentage of positive outcomes divided by the total number of outcomes that were evaluated. Two studies described performing
specific NCS tests but did not report each outcome (Urban 1999- cohort 1; Angotzi 1981); the results that were not reported were categoried as
"null" findings and included in the denominator.

*

= The analysis of patterns for All NCS outcomes includes NCV, latency, amplitude, and late responses (i.e. F-wave and H-reflexes). The limited
number of late responses (n=5) precluded a separate analysis of their patterns of effect.
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