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Chronic Mercury Exposure Examined With a

Computer-Based Tremor System

Joel E. McCullough, MD, MPH, MS
Robert Dick, PhD
Jonathan Rutchik, MD, MPH

Tremor s being increasingly evaluated by quantitative computer-
based systems lo differentiate ils causes. In this study, a group of
mercury-exposed workers were assessed to determine whether tremor
characteristics differed by exposure level. Workers were classified into two
groups: those with an average wrine mercury concentration below the
American Conference of Government Industrial Hygienist Biological
Exposure Index of 35 ug/g creatinine, and those with an average urine
mercury concentration above the Biological Exposure Index. Tremor
characteristics (including intensity, harmonic index, center frequency,
standard deviation of the center frequency, and tremor index) were
measured and recorded with a computer-based tremor system. Sixteen of
17 workers who were potentially exposed to mercury participated in the
study. Three workers had a mean urine mercury concentration of 27.0
wg/g-creatinine and were assigned to the low-exposure group, and 13
workers had a mean wrine mercury concentration of 200.2 ug/g-
creatinine and were assigned to the high-exposure group. There was a
statistically significant difference in the tremor index (which compiles
Jwve individual tremor parameters into a single value) between the two
groups (P = 0.04; Wilcoxon’s rank sum test). Other tremor character-
istics did mot differ significantly between the groups. Tremor index may
be more useful than measures of individual tremor parameters in
differentiating normal from subclinical pathological tremors among
groups of workers with chronic mercury exposure. (J Occup Environ
Med. 2001;43:295-300)

remor is an involuntary rhythmic os-
cillation of any body part and can
represent either a physiological pro-
cess or a manifestation of disedse.
The oscillatory movements are pro-
duced when alternating or synchro-
nous agonist-antagonist muscles
contract rhythmically. Because of the
rhythmicity, tremors lend themselves
well to accurate transduction and
quantification. The amplitude and
the frequency of the oscillation can
vary, as can the factors that precipi-
tate the movement. Traditionally,
amplitude and frequency have been
used to classify the etiology of the
tremor and to differentiate normal
from pathological tremor$ Unfortu-
nately, diagnostic misclassification is
common because these tremor char-
acteristics lack the desired
specificity.

Despite the general lack of speci-
ficity, researchers have tried to deter-
mine which tremor characteristics
are associated with exposure to mer-
cury, a heavy metal known to cause
tremors® Characterizing tremor pat-
terns associated with mercury toxic-
ity may be potentially useful as an
indicator of nervous system integ-
rity; however, the results of previous
investigations are inconclusive?®
Some studies have found that tremor
frequency increased with mercury
exposure, decreased? or remained
stable!* Tremor amplitude has been
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and to the complex and fluctuating tremor test® The questionnaire re non-dominant hands to yield test 1.
nature of tremors? sults revealed that six workers re- The procedure was then repeated,
Given the inconsistencies of fre- ported symptoms of mercury overex- yielding test 2. Normal performance
guency and amplitude in characteriz- posure. Nine workers showed on the TREMOR 3.0, as defined by
ing tremors associated with mercury evidence of a mild upper-extremity the manufacturer, was derived at the
overexposure, other measures, suchiremor on neurological examination Clinic of Occupational Health,
as tremor indexes (which compile but no overt signs of mercury toxic- Copenhagen, Denmark.
individual tremor parameters into a ity. Also, there was no association The tremor parameters measured
single value), may more accurately between having a tremor on exami- by TREMOR 3.0 include the tremor
assess subtle tremor changédhe nation and urinary mercury concen- intensity (I), center frequency (F50),
aim of this study was to assess tration. The results of the neurom- standard deviation of center fre-
whether the TREMOR 3.0™ a  eter, color vision, and grooved quency (SF50), harmonic index (HI),
lightweight accelerometer that quan- pegboard tests showed no associa-and tremor index (Tl). Each param-

titates individual tremor parameters tion with mercury concentration. The eter is described as follows:

and indexes, can be used to differen-results of the tremor test are the
tiate between the tremor characteris-focus of this report.
tics of workers who have long-
standing elevated urine mercury 17€Mor Test
levels and those with low levels.  Tremor characteristics of the up-
Also, we report the quality indicator, per extremities were measured using
a summary description of the tremor the TREMOR 3.0 developed by Dan-
parameters reported as three discretésh Product Development. This de
values, which has not been previ- vice measured tremor characteristics
ously reported as it relates to mer- with a two-axis micro-accelerometer
cury exposure. embedded in the tip of the 1X
0.8-cm pencil-shaped instrument,
Methods called the TREMOR PEN™. The
Sixteen of 17 workers at a mercury micro-accelerometer was sensitive in
recycling plant participated in the a plane perpendicular to the tube .
investigation. The workers were not axis. During a 10-second test (2 sec-
exposed to other neurotoxins at onds for stabilization and 8 seconds
work, and none of the workers had a for data harvest), the TREMOR PEN
personal or family history of essen- was held like an ordinary pencil.
tial tremor or a personal history of Hand vibrations were recorded and
any neurological condition that may displayed in real time in a time-axis
cause tremor. The investigation in- plot on a computer screen. Measure-
cluded a self-administered question- ments derived from acceleration are
naire (which included questions based on the Fourier power spec-°
about demographics; work history; trum, which gives a power distribu-
work practices; personal and family tion of the data in the frequency
medical history; non-occupational domain. It is composed of 116 dis-
sources of mercury exposure; per- crete values in the 0.9- to 15-Hertz
sonal habits and hobbies; and symp-(Hz) range, each approximately 0.12
toms associated with mercury over- Hz apart. The Fourier power spec-
exposure, such as nervousnesstrum is reported to react strongly to
irritability, emotional lability, de- deviant tremor patterns, which have
pression, weakness, tremor, insom-a tendency to concentrate power dis-
nia, gingivitis, numbness, respiratory sipation around a dominant
symptoms, rash, increased salivation, frequency:’
headache, and metallic taste in the The tremor test was performed
mouth); a complete neurological ex- with participants sitting erect with
amination by a neurologist; a neu- their back away from the backrest.
rometer test (which tests sensory Participants held the pen horizontally
nerve function); color vision tests; a at navel level with the elbow bent
grooved pegboard test (which tests approximately 90 degrees. Testing
fine psychomotor control); and a was done with both dominant and

| is the root-mean-square of accel-
erations recorded in the 0.9- to
15.0-Hz band during the 8-second
test period. This parameter repre-
sents the amplitude (maximum
displacement) of the tremor.

e F50 is the median frequency of

accelerations in the 0.9- to 15-Hz
band during the 8-second test pe-
riod. Fifty percent of the energy
that drives the tremor is produced
at frequencies above the center
frequency, and 50% is produced
below the center frequency.

SF50 indicates the degree of irreg-
ularity of the tremor. Sixty-eight
percent of the area of the spectrum
lies within =1 standard deviation
of the center frequency. A very
rhythmic tremor has a small SF50,
indicating that most of the energy
is produced within a narrow fre-
quency band.

HI compares the tremor frequency
pattern with a pattern of a single
oscillation, which has an HI of
1.00. A tremor composed of few
dominating frequencies will have
a high HI, whereas the normal
disorganized tremor will have a
relatively low HI.

e Tl is a single measure incorporat-

ing the five measures of |, F50,
SF50, HI, and the standard devia-
tion of the harmonic index (SHI).
One advantage of the Tl is that any
value deviating significantly from
the norm will contribute a rela-
tively smaller amount to the TI.
The normal value for Tl is 100,
and the normal dispersion i520.

In general, a Tl below normal
indicates poorer function, but this
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interpretation is equivocal. The 3.1% to 4.9% relative SD at concen- A comparison of the tremor pa-
manufacturer gives no specific trations of 30pg/L. The trueness, rameters between the low-exposure
clinical meaning to Tl results. The based on recovery studies, was 99%.and the high-exposure groups was

Tl can be calculated from the fol- Statistical Analvsi made. There were slight differences

lowing formula: atistical Analysis between the two groups for tremor

Tl = FS (@ expC|(K — M) Participants were placed in one of intensity, harmonic index, center fre-
i

two separate groups. Those with a quency, or standard deviation of cen-
+ §)), mean urine mercury concentration ter frequency. However, the tremor
where F is a scaling factor that below the American Conference of index showed a statistically signifi-
adjusts to make the mean of the Government Industrial Hygienists cant difference between the two
test sample of normal subjects Biological Exposure Index of 35 groups; the tremor index of the high-
equal to 100. The value @f is 1/6 ~ n.g/g of creatinine were assigned to exposure group was 27% lower than
for all tremor parameters except |, the low-exposure group. Participants that the low-exposure group (a lower
for which g is 1/3. K; represents with an average concentration above tremor index indicates poorer perfor-
the measured values of the tremor the Biological Exposure Index were mance [Table 2]). Although the dif-
parameters from which the Tl is assigned to the high-exposure group.ference in the tremor index was sta-
calculated (I, F50, SF50, HI, SHI). Because the number of participantstistically significant, there was
M; represents the normal human was small, only two exposure groups substantial overlap (Fig. 1). All three
mean for the tremor parameters, were used for calculations. In addi- workers in the low-exposure group
and § represents the SD for the tion to using the Index as the cutoff were within the range of normal
parameters. for dichotomizing the data, urinary values for the tremor index (above
* Quality indicator, scored as A, B, mercury concentrations of 50 to 300 80), but 5 of the 13 workers in the
or C, reports how many of the five \yere sed as cutoffs; as the cutoff high-exposure group had tremor in-
mea_?lu_red [I)ari';\r;w%ters frqmwmch value increased, the tremor parame-dexes above 80 as well.
€ 1115 calculated are Within € o5 hecame less distinct between the A poorer quality indicator score
normal dispersion range. (Each o . :
test was repeated to make 10 test9"OUPS. ~was found with increasing urinary
results per participant.) With an A Because of th_e small sample size mercury concentration (more tremor
score, 9 to 10 parameters are and non-_normallty_ of the data, non- pqrameters are within normal limits
within the mean= 1 SD: with a B parametric ane_llytlc meth_ods were with A than B, anq more 'parameters
score, 4 to 8 parameters are within used. For continuous variables, the are with normql limits with B than
the mean+ 1 SD; and with a C Significance of the difference be- C), but the difference among the
score, three or fewer parameters tween the two groups was obtained scores was not significant (Table 3).

are within the mean- 1 SD. by the Wilcoxon’s rank sum test. The There was considerable spread of the
. . significance of the difference for di- urine mercury concentrations within
Urine Mercury Concentrations chotomous variables was obtained the quality indicator score. Partici-

Beginning in July 1998, all work- by Fisher's exact test. Kruskal- pants in the high- and low-exposure
ers in the plant had spot urine mer- Wallis one-way analysis of variance categories had both A and B quality
cury concentrations measured. Thewas used to test the significance of indicator scores, but only partici-
initial results revealed elevated lev- the difference between the Quality pants in the high-exposure group re-
els in most workers. Those with ele- Indicator scores and urinary mercury ceived C scores (three or fewer of the
vated urine mercury concentrations concentration. Also, Spearman’s cor- tremor parameters within normal
had the test repeated monthly. Thoserelation coefficients were calculated, limits).
who did not have elevated levels had but there was little correlation be- _, .
the test repeated in August and No- tween the tremor parameters and uri- DiScussion

vember. Mean urine mercury con- hary mercury concentrations. Early studies reported that pro-
centrations were calculated for each Result nounced tremors occurred with mer-
employee from surveillance results esults cury exposures associated with uri-

that were collected from July 1998  Three participants were assigned nary mercury concentrations of 300
through November 1998. The tremor to the low-exposure group and 13 to wg/g creatininé? but more recent
test was administered in Septemberthe high-exposure group. The two studies have reported tremors associ-
1998. groups were similar in their demo- ated with occupational exposures
The cold vapor atomic absorption graphic characteristics and personalthat produced urinary concentrations
method was used to determine the habits, except that the low-exposure of 50 to 100 wg/g creatinine and
urinary mercury concentrations. The group had a higher proportion of blood levels of 10 to 2Qug/L.*° In
limit of detection for this method is current cigarette smokers and lessour study, we found that most of the
0.3 to 0.4pg/L. The precision was tenure at the plant (Table 1). tremor characteristics did not differ
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TABLE 1
Urine Mercury Concentration and Demographic Observations in High-Exposure and Low-Exposure Groups

Exposure Category*

<BEIl (n = 3) =BEI (n = 13)
Categories n Range n Range P Value
Age (yrs) 29.7 18.0-46.0 33.1 23.0-47.0 0.46"
Men (%) 100.0 76.9 0.89*
White (%) 100.0 92.3 0.91*
Caffeine use$ 2.0 1.0-4.0 3.2 0.0-12.0 0.58"
Alcohol use' (%) 100.0 76.9 0.89%
Current smokers (%) 66.7 15.4 0.10*
Education levell 2.7 1.0-5.0 2.1 1.0-5.0 0.56"
Workplace tenure (months) 1.2 0.2-3.0 12.2 3.0-38.0 0.027
Average urinary mercury level 27.0 24.9-31.2 200.2 52.9-939.7 0.01%

(ng/g creatinine)

* BEI, American Conference of Government Industrial Hygienist’s Biological Exposure Index. The BEI for mercury is 35 .g/g creatinine.
T P value calculated by Wilcoxon’s rank sum test.

* P value calculated by Fisher’s exact test.

§ Number of caffeinated beverages consumed daily.

I'Drank more than 20 alcoholic beverages in lifetime.

T Highest level of education attained; 1, grades 1 through 12; 2, some college; 3, college graduate; 4, graduate degree.

140
TABLE 2
Mean (+SD) Tremor Test Parameter* by Mercury Exposure Group ” %
<BEI =BEI £ —
Tremor Test Parameter (n=23) (n =13) P Value* é
Tremor index 115.0 = 12.2 83.6 + 23.2 0.04 £®
Tremor intensity (m/s?) 0.13 = 0.02 0.16 = 0.05 0.38 60
Harmonic index 0.90 = 0.01 0.88 = 0.04 0.44 o
Center frequency (Hz) 6.80 + 1.46 7.16 =1.73 0.80 I 3 a
Standard deviation of center 3.52 + 0.48 3.35 + 4.73 0.59 i e

frequency (HZ) Urinary Mercury Exposure Group

* See Methods for definitions of tremor test parameters. Fig. 1. Tremor index by Biological Expo-
sure Index group. The tremor index is a

T BEI, Biological Exposure Index. The BEI for mercury is 35 pg/g-creatinine. ]
+ ) ; parameter calculated from the five other
P values were calculated by the Wilcoxon’s rank sum test. fremor parameters (center frequency, har-

monic index, tremor intensity, standard devi-
ation of center frequency, and standard devi-
. . . . ation of the harmonic index). The box plot
between workers with urinary con- mercury concentrations than the in- shows the median, interquartile range (shaded

centrations below 3p.g/g creatinine  dividual tremor parameters among area), and extreme values for each group.
compared with those having the this group of workers.

higher concentrations. However, the Two previous studies used the

most striking difference was a lower TREMOR 3.0 to compare tremor studied mercury-exposed gold trad-
tremor index in the high-exposure characteristics after exposure to inor- ers and found that tremor intensities
group. Higher-quality indicator ganic mercury. Netterstrom et al an- in the 6.6- to 10-Hz range of the gold
scores seemed to correspond toalyzed the tremor characteristics of traders were significantly higher than
higher urine mercury concentrations, both a “low-exposure” group (acute the tremor intensities of the con-
but there was overlap between A and exposure to elemental mercury) and trols?® Tremor indexes and quality
B scores in both exposure groups.a control group and repeated this indicators were not mentioned. Our
Only workers in the high-exposure analysis 3 and 16 months lafer. study showed a slight increase in
category had C scores (three or fewerTheir results showed that tremor in- tremor intensity in the high-exposure
of the measured tremor parameterstensity was higher in their low- group, but this result was not statis-
were within the meant 1 SD of the  exposure group (although this differ- tically significant.

normal values). Thus, these resultsence was not statistically = Our study has several limitations.
show that the indexes, namely, the significant); other tremor character- Because of the size of the study
tremor index and quality indicator istics were smaller and did not ap- population, more robust parametric
scores, corresponded better to urineproach significance. Biernat et al statistical tests could not be used to
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TABLE 3
Average Urinary Hg Level by Quality

Indicator Score* sary. The difficulty with preclinical

detection of neuromotor dysfunction,
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system as a clinical tool; valid inter- would be of value to demonstrate
pretation of the results is also neces- change in tremor patterns.

Cleeves L, Findley LJ. TremordMed
Clin North Am 1989;73:1307-1319.
Findley LJ. Classification of tremors.
J Clin Neurophysial 1996;13:122-132.

,,%l:::zr Mﬁg B;",Zfry p such as pathological tremors, is that References
Score (no/g Cn) Value® the manifestations are usually subtle, 7
A 80.8 (76.3)* 0.13 often intermittent, and similar for
B 148.9 (222.1) different cause$? This problem is 2.
Y 234.5 (260.8) more pronounced when searching for

subclinical (low-amplitude) signs of
pathology in tremor (normal subjects
may have clinically detectable trem-

* Hg, mercury; Cr, creatinine. Quality in-
dicator, scored from A to C, reports how
many of the measured parameters from
which the tremor index is calculated, are
inside the dispersion range of the human
normal group. With an A score, 9 to 10
parameters are within the mean = SD; with
a B score, 4 to 8 are within the mean = SD;
and with a C score, 3 or fewer parameters
are within the mean = SD.

TP value calculated by Kruskal-Wallis
one-way analysis of variance. The P value
was not adjusted for multiple comparisons.

* Values in parentheses indicate SD.

physiological tremorsj? but com
puterized systems may be the most
useful in these situation'$.

system may be of most use for clin-
ical purposes, but research continues
to define the most appropriate index
to differentiate normal from patho-
logical tremors. The tremor index
from the TREMOR 3.0 is relatively
evaluate the difference between insensitive to only one abnormal
groups. In addition, the small num- characteristic and requires several
ber of participants in the low- characteristics to be abnormal before
exposure group made the statisticalit is outside the reference range. This
calculations less stable. Another lim- conservative approach prevents
itation is that all participants had some abnormal tremors from having
some degree of exposure to mercury,values outside the reference range of
so there was no unexposed group.the tremor index?

Also, tremor patterns can vary over Tremor amplitude and frequency
time, so single assessments of indi- often do not clearly differentiate sub-
viduals may be misleading. Our mea- jects with long-standing elevated
surement of tremor characteristics mercury levels. However, tremor in-
occurred several months after the dex may be a better marker of the
initial exposures, and the mercury subtle changes that can occur with
levels were decreasing at the time of mercury toxicity by group. Our find-
testing. Several studies have shownings confirm the principle that
that tremor characteristics improve tremor characteristics may differ
with decreasing urine mercury con- among some workers with high mer-
centrations,;**~*3so the tremor char
acteristics may have improved in the acteristics are not consistently abnor-
high-exposure group, which would mal in those with elevated mercury
decrease the differences in tremorlevels. This principle is consistent
characteristics between groups. with other studies showing that mer-

The question of how best to char- cury concentrations in body fluids 12

acterize and quantify aspects of have commonly failed to relate well
tremor effectively is of interest to to neurological outcome measures on
clinicians and researchers, especiallyan individual basi§.Because of the

because portable computer-basedinconsistency of these and other 13

systems for tremor evaluation using findings, further research is needed
spectral methods are now commer-to determine which tremor character-
cially available. However, the accu- istics are most predictive of subclin-
rate measurement of tremor is only ical neurotoxicity. Also, serial mea-

the first step in the utility of such a surements of tremor characteristics
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ors, ie, physiological and enhanced *
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