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Using New Methods for Measuring
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Instruments that measure quantitatively sensory threshold
to vibration and temperature difference were used to test 93
construction trade painters and a reference group of 1056
healthy construction and industrial workers who were not
painters. A “forced-choice” testing procedure, and an algo-
rithm for threshold estimation (the “Best PEST” ), was used
for the Temperature Sensitivity Tester and the Vibratron. The
method of limits procedure was used for the Biothesiometer.
When measured with the Vibratron, painters in the older age
stratum were found to have significantly higher vibration
thresholds than the reference group. Painters had significantly
more temperature sensitivity thresholds classified as “high”
than the reference group. Among painters, exposure intensity
and cumulative exposure over the past year was positively
associated with vibration thresholds estimated using the Vi-
bratron. Lifetime cumulative exposure, cumulative exposure
over the previous month, and exposure intensity were posi-
tively associated with vibration thresholds estimated using the
Biothesiometer.

eripheral neuropathy is a common neurologic syn-

drome caused by industrial chemicals and metals.
Typically, a mixed sensorimotor axonopathy occurs in
which the distal portion of the axons is first affected.
The disease progresses in a “dying-back” fashion toward
the nerve cell .body. The onset and early stages of the
disease are insidious. Initial symptoms such as numbness
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and tingling occur frequently in the lower extremities.
As axonal degeneration proceeds, symmetrical sensory
and motor loss develops in a “stocking-glove” fashion.

The disease can continue to progress for several
months after cessation of exposure, but thereafter im-
provement occurs, with all but the most severely af-
fected regaining all or most of motor and sensory func-
tion. In severe cases, neuropathy persists for several
years after exposure cessation. Irreversible CNS axonal
degeneration may occur concomitantly with damage to
peripheral nerves.!

Outbreaks have occurred among workers exposed to
carbon disulfide, methyl n-butyl ketone, arsenic, organ-
ophosphorous compounds, acrylamide, allyl chloride,
and chlorinated phenols contaminated with dioxin.*®
Suspected agents include methyl bromide, polychlori-
nated biphenyls, styrene, and ethylene oxide.*!°

Several studies have reported decreased peripheral
nerve function among workers in the paint industry
with long-term exposure to mixed organic solvents.!’**
Generally, these studies found that, although mean dif-
ferences in nerve function between painters and controls
were usually small and within normal ranges, a greater
proportion of the painters than controls had abnormal-
ities. Neurologic examinations of painters also found
deficits in vibration sensitivity and other sensory abnor-
malities.

In these studies, nerve conduction velocity (NCV)
tests, electromyography (EMG), and the neurologic ex-
aminations were the primary methods used. However,
these methods may not be optimum for studies of large
work forces exposed to known or suspected neurotoxic
substances. Although noninvasive, the neurologic ex-
amination is not quantitative and may show high inter-
observer variability. NCV and EMG tests provide a
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quantitative measure of function but cause discomfort
and require highly trained personnel to perform.

Moreover, the NCV test may be insensitive to the
- effects of agents that cause axonal disease. Even if
secondary demyelination occurs (eg, due to hexacarbon
exposure), NCV is rarely reduced by more than 20% to
80% and the onset of NCV slowing may often follow
clinical signs of peripheral neuropathy.'® The EMG test
is generally sensitive to axonal degeneration of motor
nerve fibers that typically occurs at an advanced stage
of the disease.

The Vibratron and the NTE-2 Temperature Sensitiv-
ity Tester (TST), both from Sensortek, Inc, Clifton, NJ,
are new instruments that measure quantitatively sen-
sory threshold to vibration and temperature difference.
Tests performed with these instruments are noninva-
sive, time-efficient, and easy to administer. Impairment
of sensitivity to vibration and temperature difference is
an early sign of damage to large and small nerve fibers.

In this study, painters exposed to mixed organic
solvents, and a reference group of healthy workers
relatively unexposed to neurotoxic substances, are
tested with the TST and Vibratron using a microcom-
puter-based - threshold estimation method. Sensory
thresholds are compared between painters and the ref-
erence group, and the relationship among painters be-
tween level of exposure and sensory threshold is exam-
ined.

Methods
Subjects

One hundred twelve members of the International
Brotherhood of Painters and Allied Trades (IBPAT),
age 20 to 70 years, were tested in 1985 with the Bioth-
esiometer, the TST, neurologic examination, and an
exposure and health questionnaire. Only 55 of the paint-
ers were tested with the Vibratron since the machine
was not manufactured until the middle of the testing
period. IBPAT members perform construction and main-
tenance painting that entails the application of coatings
to interiors and exteriors of commercial and industrial
buildings as well as other structures such as bridges.

The neurologic examination evaluated ankle reflexes
as well as strength and sensation to pin pricks and light
pressure in the lower extremities. The health question-
naire included questions on lower extremity symptoms
such as numbness, tingling, and weakness.

Since diabetes is a major risk factor for peripheral
neuropathy, six diabetic painters were excluded. Eight
painters who retired more than two years before the
testing period were also excluded since recovery of
peripheral nerve function can occur within a few years
after cessation of exposure. In addition, three IBPAT
members who were tested but had never painted were
excluded. After these exclusions, two women and 93
men remained among those available for membership in
the exposed group. The women were excluded because
of their small number, leaving 93 painters, Of these, 51
were tested with the Vibratron.

The reference group consisted of 105 currently em-
ployed male members of construction trade or industrial
unions, age 20 to 75 years, who were neither painters
nor diabetics. Reference group members were expected
to have similar working conditions, trauma, and expo-
sure to temperature extremes as painters. These factors
may be risk factors for sensory loss and are difficult to
control adequately. Hence, a reference group com-
parable to painters on these factors was chosen.

Members of the reference group had visited an occu-
pational health clinic or participated in health surveys.
The primary concern of the surveys and the clinic visits
was asbestos-related disease. The reference group was
tested with the Vibratron, the TST, and the Biothesiom-
eter. Information on age, injuries to the back and lower
extremities, circulation problems in the lower extremi-
ties, sensory symptoms in the feet, and alcohol consump-
tion was obtained by interview. Their mean age was
somewhat higher than the exposed group. Alcohol con-
sumption in the two groups was similar.

Neurologic examinations and the Bicthesiometer tests
were performed on the painters by four physicians. One
examiner performed all TST and most of the Vibratron
tests on the painters. The same examiner performed all
Biothesiometer, TST, and Vibratron tests on the refer-
ence group. Interexaminer differences among the Bioth-
esiometer results from the painters were minor. Since
the protocol for the Vibratron was designed to minimize
examiner influence, no interexaminer difference should
occur.

Exposure

Indices of solvent exposure used in this study included
average lifetime intensity, average intensity during the
past year, years worked (mean = 18 years), the propor-
tion of the past year worked (mean = 20 weeks), and
the proportion of the past month worked (mean = 9
days). Cumulative exposure over the lifetime, the past
year, and the past month were obtained by combining
the intensity and duration measures. The description of

- the methodology for determining exposure intensity

from a questionnaire is discussed elsewhere.'®
Apparatus

The TST consists of two 4.8 X 4.6 cm metal plates
that are cooled or heated by water circulating through
them, with the temperature of each plate controlled
separately. The temperature of each plate and the dif-
ference in temperature is shown to the examiner on
digital displays. One plate is set at a base temperature
and the other is set colder. Twenty-four degrees Celsius
was chosen as the base temperature so that both plates
would feel cold to the subject.

The Vibratron consists of two stimulus boxes with a
post 1.6 cm in diameter protruding from each box, and
a small control box with a digital reading of the vibra-
tion amplitude. A switch determines which post vibrates
at 120 Hz.

The Biothesiometer is a hand-held electromagnetic
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device with a flat plastic probe 1 em in diameter vibrat-
ing at 120 Hz that is applied to the skin.

Procedure

A two-alternative, “forced-choice” procedure was
used for the TST and Vibratron. The great toe of one
foot was tested. The subject was asked to use the foot
on the side of his body which had no injuries or symptoms
such as tingling or numbness in the lower extremities.

The procedure for the TST was as follows: the subject
placed his great toe with enough pressure to blanch the
nail for 2 seconds on each plate. The subject was asked
. which plate was colder and a response was required.
Guessing was permitted. If the subject refused to give a
response, a wrong answer was entered for that trial.

A similar procedure was used for the Vibratron with
the exception that the subject was instructed to touch
without putting pressure on the posts with his great
toe. The subject was then asked which post was vibrat-
ing.

To determine the level of stimulus for each trial and
to calculate the subject’s threshold estimate, a micro-
computer-based estimation method was used, the “Best
PEST.” The Best PEST (parameter estimation by se-
quential testing) is the most efficient threshold estima-
tion procedure given that the psychometric function is
known.'” The psychometric function describes the rela-
tionship between the probability of a correct response
and the level of stimulus. A sigmoidal curve is usually
assumed. A logit function was used in the algorithm."”

After each trial, a maximum likelihood estimate of
the stimulus level which will elicit a correct response
from the subject 76% of the time, given the responses
to all previous trials, is ca.lculé.ted.‘Using that stimulus
level in the next trial theoretically produces the maxi-
mum amount of information on the location of the sub-
ject’s threshold. This procedure is repeated an arbitrary
number of times, and at the end of the last trial, the
PEST's estimate of the 756% correct response stimulus
level is taken as the subject’s threshold level. (This 75%
‘correct response is used since the subject is forced to
make a decision, and by guessing alone, the subject can
be correct 50% of the time.)

Pilot testing revealed the most efficient values for
two arbitrary parameters in the procedure: the number
of trials and the stimulus level for the initial trial. The
number of trials per test was arbitrarily set at 15.
Performing more than 15 trials under field testing
conditions appeared to tax a subject’s attentiveness. For
the first trial, the stimulus level was set at 2.0°C (TST)
or 2.0 um (Vibratron). If the subject had trouble at this
level while practicing, the level for the first trial was
set at 4.0°C or 4.0 um. Levels were set to the nearest
tenth of a degree or micrometer.. The computer ran-
domly determined which plate to set colder than the
base temperature or which post to set to vibrate.

The method of limits was used to measure vibration
threshold with the Biothesiometer.'®'? While the plastic
vibrating probe was applied to the skin, the stimulus

was increased from zero to the point at which the subject
first perceived vibration. The threshold was determined
by averaging the values obtained from performing the
test twice. Both great toes and index fingers were tested -
with the Biothesiometer.

Room temperatures varied from 20°C to 22°C. Dis-
tracting noises were kept at a minimum. Subjects were
given a few minutes to acclimate their foot to the room
temperature and to practice with the TST and Vibra-
tron. Total time for the interview, practice trials, and
tests using the TST, Vibratron, and Biothesiometer was
20 to 25 minutes for each subject.

Univariate and multivariate analyses were performed
on a microcomputer using SPSS PC+.%°

Results
Painters v Reference Group

Crude and age-stratified univariate statistics for the
TST, Vibratron, and Biothesiometer threshold scores
are provided in Table 1. Frequency distributions for the
original scores were highly skewed. In an effort to
improve symmetry and stabilize variances, several
transformations of the scores were evaluated using
methods described in Hoaglin et al.* Transformations
using natural logarithms appeared best for vibration
thresholds from the Vibratron and the Biothesiometer.
The symmetry of the distribution for the TST threshold
scores was most improved by using the square-root
transform. '

TABLE 1 .
Descriptive Statistics of Quantitative Sensory Variables for Painters and
Reference Group by Age Stratum

Painters Reference Group

Test Age, yr

Mean (SD) n Mean (SD) n

TST,°C 21-40 066 (0.48) 52 0.64 (0.37) 29
41-50 0.82 (0.53) 13 0.68 (0.44) 35
50+  1.00 (0.80) 28 0.68 (0.41) 41

Al 078 (0.61) 93 0.67 (0.41) 105
Transformed*  21-40 076 (0.29) 0.76 (0.24)
TST thresh- 41-50 0.86 (0.29) 0.78 (0.26)
olds 50+ 093 (0.37) 0.79 (0.25)
Al 0.83 (0.32) 0.78 (0.25)

Vibration mi- 21-40 0.23 (0.23) 32 0.37 (045) 29
crometers 41-50 110 (1,200 8 0.37 (0.37) 35
50+ 150 (1.60) 11 0.81 (0.79) 41

All 0.65 (1.00) 51 0.54 (0.62) 105
Transformedt 21-40 —-1.7  (0.6) -15 (0.9)
Vibration 41-50 -04 (1.2) -1.4 (0.8)
thresholds 50+ -0.1 (1.1) -07 (1.1)
All -1.2 1.1 -11 (1.0

Biothesiome-  21-40 7.6 i5.6 52 95 25.2; 29

ter,} V 41-50 11.7 (6.8) 13 94 (39 35

50+ 182 (141) 28 168 (8.7) 4

All 114 (10.2) 93 123 (7.4) 105
Transformed 21-40 1.9 (0.5) 21 (0.5)
Biothesiome- 41-50 - 23 (0.5) 22 (0.4)
tert 50+ 26 (0.7) 2.7  (0.6)
All 22 (0.7) 24 (0.6)

* Square-root transformation.
+ Natural logarithm transformation.
3 Biothesiometer thresholds shown are for the right great toe.
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Vibratron thresholds increased with age in both
groups. An effect of age on TST thresholds was evident
only among painters. The Vibratron and Biothesiometer
threshold scores were highly intercorrelated but neither
was correlated with the TST thresholds.

Results of analyses of variance including the effects
of being a painter and of age strata on sensation thresh-
old are presented in Table 2. The painters had statisti-
cally significantly higher untransformed TST and Vi-
bratron thresholds. Using the transformed thresholds,
the analysis indicated that painters had statistically
significantly higher Vibratron scores especially in the
older age strata (P << .01 for the interaction effect of
age strata and being a painter). However, there was no

TABLE 2 ‘
Results of Analyses of Varlance of the Sensory Threshold Scores for Painters
and the Reference Group

Dependent Variable Sum of ¢ Mean F p*
and Source of Variation  Squares Square
TST
Age stratum 1.30 2 .65 252 NS
Exposure groupt 1.03 1 103 399 <.05
Two-way Interac- .82 2 41 158 NS
tions
Explained 2.85 5 57 221 NS
Residual 49.56 192 .26
Transformed TST
thresholds
Age stratum .35 2 A7 219 NS
Exposure groupt .22 1 22 275 NS
Two-way interac- .20 2 10 129 NS
tions
Explained .69 5 14 173 NS
Residual 16.33 192 .08
Vibration
Age stratum 16.64 2 832 17.30 <.01
Exposure groupt 5.25 1 525 1092 <.01
Two-way interac- - 572 2 2.86 5.95 <.01
tions
Explained 20.68 5 414 8.60 <.01
Residual 7217 180 .48
Transformed Vibra-
tion thresholds
Age stratum 31.20 2 16.60 17.83 <.01
Exposure groupt 5.07 1 6.07 5.79 <.05
Two-way interac- 7.76 2 3.88 444 <01
tions
Explained 37.03 5 741 846 <.01
Residual 131.27 150 .88
Biothesiometert
Age stratum 2,969.0 2 14850 2425 <.01
Exposure groupt 14.2 1 14,2 23 NS
Two-way interac- 144.0 2 71.9 117 NS
tions
Explained 3,447.0 5 6895 11.30 <01
Residual 11,755.0 192 61.2
Transformed Biothe-
siometer thresh-
olds
Age stratum 15.14 2 7.57 27.69 <.01
Exposure groupt .05 1 .05 17 NS
Two-way interac- 1.06 2 b2 191 NS
tions
Explained 19.23 5 3.85 14.04 <01
Residual 5252 192 27

* Two-tailed P value; NS, not statistically significant, P > .05.
1 An indicator variable: 1 = painter, 0 = reference group.
} Biotheslometer resuits shown are for the right big toe.

significant difference between the painters and the ref-
erence group for the transformed TST thresholds.

The square-root transformation of TST thresholds
improved the symmetry of the distribution but conse-
quently reduced considerably the mean threshold differ-
ence between painters and the reference group. A fur-
ther analysis of the transformed TST thresholds was
performed by determining “high” threshold scores in
the two groups. Thresholds more than 2 SD higher than
the mean score in the reference group were classified
as “high.” Nine painters had high TST thresholds com-
pared with three in the reference group. An odds ratio
of 3.64 was obtained (95% confidence interval = .99,
14.0).

Multiple regression was used to determine whether
other possible risk factors besides age should be included
in the analysis. Reference group threshold scores for
the three sensory tests were regressed on age, alcohol
consumption, trauma to the back and lower extremities,
and circulation problems in the lower extremities. After
inclusion of an age variable in the model, no other
variable had a statistically significant coefficient with
transformed vibration threshold scores as the dependent
variable. Various power functions of age were examined
for inclusion in the model, but none were found to fit
better than the actual age of the subject. The same
results were found for the Biothesiometer.

Regression of reference group TST threshold scores
(original and transformed) on age, alcohol consumption,
and trauma to the back and lower extremities yielded
no statistically significant coefficients.

When threshold scores for the three sensory tests
were regressed on age, alcohol consumption, trauma to
the back and lower extremities, and circulation prob-
lems in the lower extremities and whether or-not the
individual was a painter, results were similar to those
found in the previous analysis of variance analysis (Ta-
ble 2).

“Internal Analysis

The transformed Vibratron and Biothesiometer
thresholds were regressed on the exposure variables
and potential confounding variables. For the Vibratron,
the regression coefficients for the variables “exposure
intensity over the past year” and “cumulative exposure
over the past year” were statistically significant.

In the regression analyses of the Biothesiometer, coef-
ficients for “exposure intensity over the lifetime,” “life-
time cumulative exposure,” and “cumulative exposure
over the past month” were statistically significant. For
the transformed TST thresholds, no exposure variable
was statistically significant.

Fourteen (15%) of the painters had slight, symmet-
rical abnormal readings in the lower extremities for the
pin prick and/or the light pressure portions of the
neurologic examination. Sixteen (17%) of the painters
had slightly reduced ankle reflexes. Overall, abnormal
results on the neurologic examination tended to be
among the older painters who had been painting for
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many years but who had worked relatively less than
other painters in the previous year.

Expected threshold values for the painters were cal-
culated using the regression coefficients from models
developed for the reference group’s transformed thresh-
olds. A painter was considered to have a “high” thresh-
old if it was 2 or more SDs from the expected value.
Correlation analysis was used to compare high sensory
thresholds, abnormal neurologic examination results,
and reported lower extremity symptoms among paint-
ers.

High TST thresholds were not correlated with abnor-
mal neurologic examination results nor with foot symp-
toms, although they were correlated with leg symptoms
(r = .20, P < .05). High Vibratron thresholds were
correlated with ankle reflex (r = .27, P <.05) but were
not correlated with other neurologic examination re-
sults or with symptoms. High Biothesiometer thresholds
were also correlated with ankle reflex (r = .18, P <
.05) but were not correlated with other neurologic
examination results or with symptoms. There were no
correlations between high TST scores and high scores
for the Vibratron or the Biothesiometer. However,
painters with high Vibratron scores tended to have high
Biothesiometer scores (r = .48, P < .05).

Discussion

In this study, painters were found to have signifi-
cantly higher Vibratron scores than the reference
group, especially in the older age strata. In addition,
significantly more painters had “high” TST scores than
the reference group. In the internal analysis, exposure
intensity and cumulative exposure over the past year
were associated with the Vibratron thresholds. Associ-
ated with Biothesiometer thresholds were lifetime ex-
posure intensity, lifetime cumulative exposure, and cu-
mulative exposure over the past month.

The TST and Vibratron were devised to avoid the
shortcomings of the neurologic examination and the
electrophysiologic tests. Tests using the T'ST and Vibra-
tron yield quantitative results, are more objective than
the neurologic examination, and require little training
to perform. Because they are noninvasive, they are more

appropriate for field studies than electrophysiologic

methods.

The sensitivity and specificity of the TST and Vibra-
tron tests are difficult to assess since there is no diag-
nostic “gold standard” for comparison. Symptoms, signs,
and electrophysiologic results may not agree since the
disease appears diversely with a wide spectrum of se-
verity. No clear demarcation between preclinical dys-
function and clinical disease exists.®

In this study, results on the quantitative sensory tests
were not correlated with neurologic examination results
for pin prick and light touch or with reported foot
symptoms. One explanation is that the tests are detect-
ing early, presymptomatic effects. Another explanation
is that individual differences in labeling intensity of

symptoms may attenuate any correlations between
symptoms and the sensory tests.

A standard method has been established for the Bioth--
esiometer (the method of limits) but not for the Vibra-
tron or the TST. The manufacturer of the TST and
Vibratron suggests a testing algorithm for determining
threshold, but the validity of the method is uncertain.
The algorithm starts with the level of stimulus the
subject can identify correctly 100% of the time and then
reduces the stimulus by 10% until the first error occurs.
The level is then repeated twice more and if it is
correctly identified both times, the level is again reduced
by 10%. If not, then the level is increased by 10%. The
test ends when five errors are committed by the subject.
To calculate threshold, the five lowest correct and the
five highest incorrect values are determined. The high-
est and lowest values are discarded and the remaining
eight values are averaged.

There are three major problems to this algorithm.
This algorithm appears to be somewhat related to the
“Up-and-Down Transformed Response” rules developed
by Wetherill and Levitt,>® who provide theoretic justi-
fication of what point on the psychophysical curve each
rule estimates. These authors never discussed the suit-
ability of these rules for two alternative forced-choice
experiments.* Since the algorithm departs somewhat
from the up-and-down transformed response rules, it is
unclear what point on the psychophysical curve it esti-
mates.

A second problem is that, to our knowledge, no relia-
bility information for this protocol has been published.
Finally, the algorithm is not very time-efficient. Too
many trials may be performed depending on the initial
stimulus setting. We recommend that the Best PEST be
used in conjunction with forced-choice procedures.

The TST, Vibratron, and Biothesiometer may be use-
ful in cross-sectional and longitudinal studies to com-
pare exposure subgroups in a population.?® These stud-
ies can assess the safety of exposure levels and trigger
efforts to reduce or eliminate exposures. However, fur-
ther study of these devices is necessary before they can
be used to monitor the progression of disease in persons
with mild sensory loss.
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