451 Florida Street
Baton Rouge, Louisiana 70801-1765
Telephone: 919-599-4517
Facsimile: 225-388-7046
May 16, 2016
Division of Toxicology and
Human Health Sciences
Agency for Toxic Substances and Disease Registry
1600 Clifton Road, NE, MS F-57
Atlanta, GA 30329
Attn: Docket No. ATSDR-2016-0003
Dear ATSDR:
As a manufacturer of 1-bromopropane, Albemarle Corporation has conducted contract toxicology
studies and literature reviews on 1-bromopropane potentially relevant to the development of
ATSDR’s Toxicological Profile of 1-bromopropane. In this letter, we will focus on the methodology
employed in the Weihua Li et al. (2010) study published in the Journal of Occupational and
Environmental Medicine (JOEM).
Critique of Dr. Weihua Li et al. (2010) JOEM Study
Albemarle conducted an in-depth analysis of the published manuscript “Dose-Dependent
Neurologic Abnormalities in Workers Exposed to 1-Bromopropane” published in JOEM in
August 2010 by Dr. Weihua Li in collaboration with Dr. Gaku Ichihara’s group in Nagoya
Japan (manuscript found in Appendix I). In the following discussion, I will summarize briefly
why Albemarle believes strongly that the science does not support the incorporation of the tuningfork based peripheral neurotoxicity data reported in Li et al. (2010) into the ATSDR Toxicological
Profile of 1-bromopropane. These data suffer from the following disqualifying limitations:
1.

Tuning fork data are not used in the United States as a research measure of peripheral
neurotoxicity because this methodology has been replaced by much more quantitative
automated methods, e.g., the CASE IV System (personal communication with Peter J. Dyck,
M.D., Director of the Peripheral Nerve Research Laboratory at the Mayo Clinic, Rochester
MN) (Please see Appendix II for a peer-reviewed manuscript published by Dr. Dyck’s
group describing the necessity of employing quantitative automated methods ).

2. In the Chinese industrial setting where the Li et al. (2010) study was conducted, if a tuning
fork was to be used as a surrogate for state-of-the-art research instrumentation, a 64 Hz
tuning fork needed to be employed rather than the 128 Hz tuning fork used in the study. In
Appendix III enclosed below, Masayuki Baba, M.D., Ph.D., Chairman, Department of
Neurology, Aomori Prefecture Medical Center states in reference to Li et al. (2010),
“Minimally, the study such as this paper should have at least used the 64 Hz tuning fork, or
possibly the quantitative vibration esthesiometer. It is reckless to quantitatively evaluate
by 128 Hz tuning fork, and is almost as ridiculous as treating the data obtained by
stethoscope as that from cardiac echography.”
3. The two persons who conducted the 128 Hz tuning fork measurements on the research
subjects in Li et al. (2010) did not know how to properly conduct the examination by
moving the vibrating tuning fork from the subject’s foot to their own fingers. Instead,
the two examiners moved the tuning fork from the subject’s foot to their own foot.
Dr. Baba comments on this anomaly in Appendix III, “The method used in the paper
by Li et al. is that when the patient ceased to detect the vibration, the tuning fork will be
then placed to the same place of the examiner’s feet and measured the time the
examiner ceased to sense the vibration. This methodology is extremely unusual…I
would say this method is unfavorable.”
4. The variability of the 128 Hz tuning fork method combined with the inexperience of the
examiners in conducting the measurement resulted in nonsensical values for the healthy
control subjects, with values lying within the range expected for subjects with a severe
nerve disorder. Dr. Baba comments further in Appendix III, “However, the DL of control
group in Table 3 is 6.7 ± 1.7 ms, and this value is considered as seriously pathologic
prolongation. It is hard to believe that this is the data from healthy control subjects…”
5. Albemarle representatives (including this letter’s author) met with Dr. Gaku Ichihara in his
office at Nagoya University and offered to have the data from Li et al. (2010) reanalyzed
independently of Albemarle’s influence at no cost to the university by the prominent
bilingual Japanese statistician Professor Tatsuyuki Kakuma from the Department of
Biostatistics at the Kurume University School of Medicine since the original data were not
analyzed by a professional biostatistician. This offer was refused and a formal request
under Japan’s freedom of information system was also resisted by Nagoya University.

Unable to obtain the raw data from Li et al. (2010) for independent statistical analysis, Albemarle
contracted with Yasuo Ohashi, Ph.D., Professor in the Department of Biostatistics at the
University of Tokyo, to evaluate the statistical methods, transformed data, and reported results.
Dr. Ohashi’s findings include a number of statistical anomalies consistent with the data analysis
not being performed by a high level professional statistician. His evaluation is contained in
Appendices IV and V.
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Conclusions Regarding Dr. Weihua Li et al. (2010) JOEM Study
My colleagues and I appreciated greatly Dr. Ichihara’s hospitality in meeting with us in his
office at Nagoya University. We make no pejorative assumptions based on the unwillingness to
submit to independent statistical analysis the raw data from this complicated, technically
challenging occupational exposure study. However, technical flaws in the measurement of the
main study outcome, i.e. peripheral nerve toxicity, and nonsensical control subject values, are so
profound as to render the foot-to-foot, 128 Hz manual tuning fork values as uninterpretable.

Albemarle recommends that ATSDR not consider this study as a neurotoxicity study in the
Toxicological Profile for 1-bromopropane. Li et al. (2010) JOEM should be considered as
relevant regarding only its non-neurotoxicity results.

In this letter and enclosed appendices, Albemarle has not attempted to address the general question
of the neurotoxicity of 1-bromopropane. Rather, we have focused on evaluating the neurotoxicity
results from Li et al. (2010).
Albemarle has recently submitted extensive comments regarding the hazard and risk assessment of 1bromopropane to both NIOSH (ID: CDC-2016-0003-0001) and USEPA (docket number EPA-HQOPPT-2015-0084) on other toxicological endpoints including cancer. We think that these comments
are relevant for the ATSDR Toxicological Profile as well, and would appreciate if they were
considered in the revision of the Draft.
We appreciate greatly the opportunity provided by ATSDR to comment on this widely cited study. If
you require any further information, please use the contact information at the top of the letterhead.
Sincerely,

Carr J. Smith, Ph.D.
DABT Toxicology
Advisor Albemarle
Corporation
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Appendix I – Weihua Li et al. (2010) Study

CME AVAILABLE FOR THIS ARTICLE AT ACOEM.ORG

Dose-Dependent Neurologic Abnormaliti es in Workers Exposed
to 1-Bromopropane
Weihua Li, MD, Eiji Shibata, MD, PhD. Zhijun Zhou, MD. PhD, Sahoko lchihara, MD, PhD,
Hai/an Wang, MD. PhD, Qiangyi Wang, MD, Jiefei Li, MD, Lingyi Zhang, MD, Kenji Wakai, MD, PhD,
Yasuhiro Takeuchi, MD, PhD, Xuncheng Ding, MD, and Gaku lchihara, MD, PhD
Objectives: To investigate the heallh effects or 1-bromopropane (I -BP) and
its dose-dependency in I-BP production factories in China. Methods: Data
of 60 female and 26 male workers in three I-BP factories and the same
number of age-, sex-, and region-matched conuols were interviewed and
examined. The time-weighed average exposure levels or individual workers
were estimated. Results: Regression analysis on exposure level showed
dose-dependent increase in the distal Jatency or tibial nerve, threshold for
vibration sense in toes, lactate dehydrogenase, thyroid stimulating hormone,
and follicle stimulating hormone in female workers. The analysis also showed
dose-dependent decrease in sensory nerve conduction velocity of the sural
nerve, red blood cell, and hematocrit in female workers. Conclusions: The
results indicate that exposure to I-BP induces dose-dependent neurotoxicity
in female workers.

romopropanes
were
introduced
as
solvents to choroftuorocarbons
Balternative
(CFCs) or 1,1,l-trichloroethane, along with
the Montreal Protocol on banning substances that
deplete the ozone layer. 2-bromopropane (2-BP)
was first introduced into the work- place in 1995
but was subsequently found to cause severe
oligo- spennia, amenorrhea, and aplastic anemia
in the workers and animals.1-6 Its isomer 1bromopropane (I -BP, n-propylbromide, CAS No.
!06-94-5) was soon introduced as a surrogate of 2BP into the workplace and identified by the
Significant New Alternatives Policy program of
US Environmental Protection Agency as one of
the acceptable alternative. compounds to CFCs
as a solvent for cleaning.7 In the United States, I BP has been used as a solvent in spray adhesives,
degreasing, and precision cleaning.8 Nevertheless,
our initial inhalation studies in rats revealed that
exposure to I-BP caused paralysis, limb muscle
weakness, slowing of nerve conduc- tion velocity
and distal latency (DL}, degeneration of myelin
sheath in peripheral nerves, degeneration of
pretenninal axons in the

Learning Objectives
• Review
the circumstances of the
introduction of 1-bro- mopropane (1-BP)
and its current industrial uses.
• Discuss recent evidence for human toxicity
of 1-BP, includ- ing one common
industrial use that has raised special
concerns.
Summarize the new findings regarding
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medulla oblongata, deterioration of epididymal
spenn parameters, and spermiation failure in the
testes of rats.9-12 Moreover, human cases with
severe toxicity to I -BP, including disturbance
of walking and sensory deficits, were reported
recently in the United States,u-is suggesting the
toxicity of I-BP on the central nervous system
and peripheral nerves. The most recent case
was reported by US National Institute for
Occupational Safety and Health, 16 raising
serious concerns regarding a larger population at
risk of I-BP than previously believed because
these case revealed that I -BP is being
commonly used as a solvent in the dry cleaning
industry instead of perchloroethylene. Under
such situation, inves- tigation of the doseresponse relationship is important to prevent
new human cases of I-BP neurotoxicity.
Our previous investigation in China
indicated neurological abnormalities in I-BP
workers, although the study did not allow dosedependent analysis because of the small sample
size.11 lbis study investigated the dosedependent effects of I-BP in a larger number of
workers and age-, sex-, and region-matched
controls.
SUBJECTS AND METHODS
Factories and Workers
Four-time investigations were conducted in
three 1-BP pro- duction factories in Yixing city,
Jiangsu Province in 2001 and 2004; in Yancheng
city, Jiangsu Province in 2003; and in Weifang
city, Shandong Province in 2005. The sex-, age(within 3 years), and region-matched control
workers were randomly recruited from a beer
factory in 2001, a refrigeration equipment
factory in 2003, a knitting workshop in 2004,
and a steel operation factory in 2005. In total, 87
female workers and 29 male workers in I -BP
factories were examined, but I ) only the data of
60 female and 26 exposed workers could be
used in this analysis because 2) data of six other
females examined in 200 l could not be used
because the period of exposure was <l month;
3) data of three other females examined in 200 I
and one male worker in Yancheng in 2003
could not be used because the period exposure or
exposure level was unknown; and 4) agematched controls could not be recruited for one
male worker in Yixing in 2003, one female
worker in Yixing in 2004, and four females and
one male in Wcifang in 2005.
769
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Features of the Investigated Factories
Number or
Exposed Workers

Number or
Exposed Workers

Work Shirt

Female

Male

Female

3 shifts of 8 hr
3 shifts of 8 hr
2 shifts of 12 hr
3 shifts of 8 hr

5
12
39

0
0
16
10

12
39
4

and Workers
Location

Date or Investigation

Yixing
Yancheng
Yixing
Wei fang

February 15-17, 2001
November 3-5, 2003
November 23-25, 2004
November 22-23, 2005

Factory Size
(Depth x Width x Height)
2 plants, each 9.7 x 24.4 x 7 m
25 X 15 x 7 m
2 plants, each 9.7 x 24.4 x 7 m
2 ftoors, each 25 x 10 x 7 m

Table I summarizes the sample size and
features of the investigated factories. Details of
the Yixing factory were described in our previous
article 17• These factories used a similar production
processes. Basically, I-BP was synthesized by
incubation of n- propanol and hydrogen bromide.
In the Yixing and the Weifang factories,
concentrated sulfuric acid was used as a catalyst,
whereas no catalyst was used in the Yangcheng
factory. The product was purified by distillation
and subsequently neutralized with hydrogen
carbonate. Based on direct observation, exposure
of the workers to I-BP could potentially occur
during 1) adding of the chemicals into the reaction
pots; 2) sitting close to the reaction pots to observe
and record the temperature; 3) taking out the
crude product; 4) adding hydrogen carbonate and
stirring; or 5) pouring the product into the 1000-L
drums. In the final step, the workers added the
product with band scoops to adjust the product
volume in the drum. The factory windows and
doors were wide open during working hours, and
a few exhaust fans were installed in each factory.
None of the workers wore masks or gloves during
the operation.
Interview
Signed informed consent was obtained from
each worker for all examinations and interviews,
according to the Helsinki Decla- ration and laws
for personal information protection in Japan. The
ethical committee of Nagoya University Medical
School approved the design of this study.
Questionnaire was filled out by investiga- tors
from the local Centers for Disease Control and
Prevention (CDC) who could communicate with
the workers in their own dialect. The items in the
questionnaire included age, sex, habitual smoking
or drinking alcohol, education, previous or present
illness, and previous exposure to chemicals and
period of exposure to I-BP.
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Male
0
0
16
10

Electrophysiological Studies
Electrophysiological studies were conducted in
an air-con- ditioned room maintained at 24°C. The
workers were acclimated to
!he roo temperature for 30 minutes before th
electrophysiolog- tcal studies. The measured
parameters were motor nerve conduction velocity
(MNCV), DL, F-wave conduction velocity (FCV)
in the tibial neive, sensory nerve conduction velocity
(SNCV) in the sural nerve, and amplitude of the
electromyogram induced by
motor
nerve
stimulation, F-wave, and potential of sensory nerve.
Electric stimulation and recording of evoked
potentials were conducted with
Neuropack
MEB5S08 or MEB9102 (Nihon Kohdcn, Co,
Tokyo, Japan) using the motor and sensory nerve
conduction, and F-wavc programs.
Nerve
conduction and F-wave studies were performed
according to standard techniques using surface
elcctrodes. •s.19 For measurement of the tibial DL
and MNCV, the stimulation site was just behind the
medial malleolus (distal) and the center of popliteal
fossa (proximal), and the recording site was fixed 1
1 cm distal to the distal stimulation site on the
abductor hallucis muscle. For the F-wave, 20
supramaximal percutaneous stimuli were delivered
to the ankle, 8 cm proximal to the active recording
electrode, at a frequency <0.2 Hz with the cathode
proximal to the anode.
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Neurological Indexes: Vibration Sense,
Reflex, and M uscle Strength
The vibration sense was evaluated by

Chinese neurologists using a vibrating tuning
fork ( 128 Hz). The fork was placed on the
metatarsal bone of the big toe or pisiform bone
of the carpus, and the worker was asked to
repon

the

time

of

vibration

cessation.

Immediately after reporting, the tuning fork was
moved to the same site (big toe or carpus) of
the examiner, and .the duration of the lasting
vibration

after

worker's

report

was

recorded.'' Triceps,
biceps, patella, and Achillis reflexes in four
limbs were scored into four grades (:t, +, + +, + +
+), and strengths of muscles in four limbs
were scored into six grades cl (0, I , 2, 3, 4,
and 5cl) by the neurologists in the
investigations except Weifang. The same neurologist
examined
the
aforementioned
neurological indices in the individual subjects
throughout the same investigation, except Yixing in 2004 investigation. In the investigation of
Yixing in 2004, 9 of 39 pairs were examined
for vibration sense, reflex, and muscle strength
by different neurologists. The right and left
measures of vibration sense, reflex, and muscle
strength were averaged for the statistical
analysis.
Neurobehavioral Tests
Ncurobehavioral testing

(Santa

Ana,

simple reaction time, digit symbol, Benton test,

Dose-Dependent Neurotoxicity of 1-Bromopropane

conducted on the basis of the Chinese edition of
the World Health Organization Ncurobehavioral
Core Test Banery (NCTB)20.21 and Profile of
Mood scale (POMS),22 by trained Chinese
researchers.
Blood Tests
The following blood tests were performed in
each worker: erythrocyte (RBC)
count,
hemoglobin (Hb), hematocrit, mean cor- puscular
volume (MCV). mean corpuscular hemoglobin
(MCH),
mean
corpuscular
hemoglobin
concentration (MCHC), leukocyte (WBC) count,
and platelet count (Pit), as well as fructosamine
(FSA; colorimetric method), blood urea nitrogen
(BUN; urease ultraviolet [UV] method), creatinine
(enzyme method), total protein (biuret method),
total cholesterol (enzyme method), creatine kinase
(CK; UV N-acetylcysteine method), aspartatc
aminotransferase
(UV
method),
alanine
aminotransferase (UV method), 'Y-glutamyl
transpcptidase
(L-y-glutamyl-3-carboxy-4nitroanilide
substrate
method),
lactate
dehydrogenase
(LDH;
Wroblewski-LaDue
method), alkaline phosphatase (p·nitrophcnol
substrate method), thyroid-stimulating hormone
(TSH; radioimmunoassay [RIA)), lu- tcinizing
hormone (RIA), follicle-stimulating hormone
(FSH; RIA), and estradiol for females and
testosterone for males (RIA). TSH was not
measured in Yancheng workers because of
insufficient amount of blood
collected.
Hcmatocrit, MCV, MCH, and MCHC were not
measured in Yancheng workers because the
instrument was not available for determination of
these indices.

digit span, and pursuit aiming tests) was
© 2010 American College of Occupational and Environmental Medicine
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Assessment of Am bient Concentrations
of Bromopropanes by Using Detection
Tubes
The
ambient
concentrations
of
bromopropancs in factories were measured with
a detection tube (Kitagawa type, Komyo
Rikagaku Kogyo KK, Kanagawa, Japan). For
each sampling spot, the ambient concentration
was measured 2 to 30 times within the breathing
zone of the workers. The value indicates the total
amounts of I -BP and 2-BP, assuming that other
brominated hydro- carbons in the local
environment are negligible.
Assessment of Individual Exposure to 1-BP and 2BP
Individual exposure levels during work shift
were evaluated with passive samplers (Sibata
Kagaku Co, Saitama, Japan) by using the method
described previously by lchihara et ar.21 A
passive sampler was attached to each worker
during one 8- or 12-hour shift and was collected
inunediately after the shift and kept in separate
sealed bags at 4°C until analysis. For analysis,
the activated charcoal particles were taken from
the samplers and then immersed in 2 mL of
carbon disulfide (Wako Pure Chemicals, Osaka,
Japan) in a glass tube with a screw cap.-The tube
was vigorously shaken for 5 minutes, left to stand
for I hour, and the supernatant was then injected
into a gas chromatography-mass spectrometry
(GC-MS) (GCD system Gl800A or Agilent
Network GC system 6890N combined with mass
spectrometer 5973 Network; Agilent, Santa
Clara, CA). The concentrations of I -BP and 2-BP
were quantified by the selected ion mode for all
samples except those from Yixing in 200 I where
only I -BP concentration was determined at that
time. The time weighted average (TWA) was
calculated on the basis of the following fonnula:
TWA = [absorbed solvent (µ.g)/sampling rate
(µ.gfppm • min) X sampling time (min)]. In our
calculations, the values of 0.134 and 0.117 were
used as the sampling rate of I-BP and 2-BP,
respectively. Those values were determined by
the diffusing cell method.23•24 Assessment of
individual exposure was conducted twice for two
shifts, except that it was conducted only once for
each five female workers in Yixing in 2001 and
two female workers in Yancheng in 2003 and
three times for one female worker in Yancheng
in 2003. When the exposure assessment was
conducted two to three times, the average of
exposure levels measured was used as the
representative exposure level.

Dose-Dependent Neurotoxicity of 1-Bromopropane

For the dose-dependent analysis, exposed
female workers were classified into low-, medium, and high-exposure groups of equal numbers,
whereas male workers were classified into low- and
high-exposure groups of equal numbers on the
basis of the tertiles or median TWA levels assessed
with passive diffusion samplers.
Statistical Analysis
Data of health effect parameters are
expressed as mean :!:: SD. Analysis of variance
(ANOVA) followed by Dunnett's multi- ple
comparison ·was applied to compare continuous
variables be- tween the exposure groups and the
control. Education level and scores of reflex and
muscle strength were compared between groups by
nonparametric Wilcoxon test. Linear regression
analysis
was performed to confirm the trend with the
exposure level or the product of exposure level and
period of exposure. The median value
of each exposure group was used for regression
analysis or analysis of covariance (ANCOVA) on
the exposure level. ANCOVA with covariants of
I-BP exposure level (or I-BP cumulative exposure
level) and alcohol exposure and "a factor of pair"
was also con- ducted to confirm the result of
regression analysis as mentioned earlier to adjust
alcohol exposure and the effect of pair (one-to-one)
matching for age, sex, and region in selecting
controls. The data of vibration sense were further
analyzed by ANCOVA with a covari- ant of I -BP
exposure level (or I -BP cumulative exposure
level), age, height, and body weight and examining
neurologist. P value
<0.05 was defined as significant. Statistical analysis
was performed using the JMP software version 8.0
(SAS Institute, Cary, NC).
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RESULTS

Assessment of 1-BP Concentration in the Factories

The GC-MS results showed >96% purity
of 1-BP product manufactured at Yixing
factory during 2001 investigation. The
impurities were di-n-propyl ether, 2-BP, 1,2dibromopropane, and 1 ,2-dibromoethane, and
an unknown peak in GC-MS analysis. The
purities at Yancheng factory and Weifang
factory were 99% (gas chromatograph flame
ionization detector, data provided by the
factories).
The ambient concentrations of I - BP at
different locations inside the factories arc listed
in
the:
Supplemental
Table
(http://links.lww.com/JOMJ A36). Assessment
of I -BP exposure levels in the factories revealed
that the ambient 1-BP concentrations at reaction
pots were 3.3 :!:: 1.3, not detected, 4.4 :!: 4.4, and
5.5 :!::
5.8 (median -: interquartile range) ppm in
Yixing i n 2001, Yancheng in 2003, Yixing in
2004, and Weifang in 2005, respec- tively. On
the other hand, I -BP concentrations at raw
product collection were 16.5 :!: 9.9 and 58.3 :!:
44 ppm in Yixing in 2001 and Yancheng in
2003, respectively. 1-BP concentrations at the
raw product collection sites tended to he higher
than those at reaction pot sites.
Assessment of Individ ual Exposu re to 1-BP
The individual TWA of I-BP exposure
levels during 8- or 12-hour work shift ranged
from 0.07 to I 06.4 (median :!: intc:rquar- tile
range, 6.6 :!:: 16.3) ppm for female workers (n =
60) and from
0.06 to 114.8 (median :!:: interquartile range, 4.6
:!:: 11.6) ppm for male workers (n = 26). The
individual TWAs for 2-BP were 0.01 to 14.9
(median :!:: interquartile range, 0.4 :!: 1.2) ppm
for females (n = 55) and 0.004 to 5.4 (median :t
interquartile range, 0.15 :t 0.26) ppm for males
(n = 26).

Dose-Dependent Neurotoxicity of 1-Bromopropane

diabetic polyneuropathy. The FSA level, an
indicator of averaged 2-week blood glucose
level, was within the reference range (upper limit,
285), except in three control females (FSA levels
288, 289, 317 µ.mol/L) and one female of highexposure group (FSA level = 306µ.mol/L). None
of the workers had history of neurological
diseases. At the time of the study, one female:
and one male of the control group were being
treated with thiamazole and thyroxine for
hyperthyroidism. Two control female workers,
one female worker, and one male worker of the
low-exposure group had chronic hepatitis B
infection. Two female workers of the control
group and one female of the low- exposure group
were taking Chinese medicine.
The education level of the control subjects
was similar to that of the two exposure groups for
femaleand male workers (Wilcoxon test, data not
shown). Other characteristics of the control and
exposure workers are listed in Table 2. There
were no significant differences in age and height
between the exposure groups and the control
(ANOVA), except in age in male workers (Table
2).
We reported previously that Yixing factory
produced 2-BP in 1996,24 but the main product
was switched from 2-BP to I -BP before May
1999, although the exact time of this shift was
not available.23 The analyzed data from Yixing
factory did not include any workers who had
started work before May 1999, except for one
female worker who started work in December
1998. This worker reported handling 2-BP, but
the influence of this exposure: on hematological
parameters was considered negligible, although
the hematological data could not be obtained
from this worker. No other female workers from
the exposure group and the control reported any
exposure to chemicals other than I -BP. For the
control male workers, one worker handled
polyurethane and another worker handled CFC.
Three male workers in the exposure group

Characteristics of Workers Exposed to 1-BP
None of the workers investigated had a
history of diabetes mellitus; and thus, none had
© 2010 American College of Occupational and Environmental Medicine
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TABLE 2.

Dose-Dependent Neurotoxicity of 1 -Bromopropane

Characteistics of Workers Exposed to 1-BP and the Controls

Females
Exposure level (ppm)
Median (ppm)
Number of workers
Age (yr)
Height (cm)
Exposure period (mo)
Habitual drinking
Habitual smoking
Males
Exposure level (ppm)
Median (ppm)
Number of workers
Age (yr)
Height (cm)
Exposure period (mo)
Habitual drinking
Habitual smoking

Control

Exposed Workers
(Total)

Low-Exposure
Group

60

0.07-106.4
6.6
60

0.07-3.35
1.28
20

38.0 :!: 6.9

38.2 :!: 7.6

160.0 :!: 3.9

159.7 :!: 4.6

0
2
3

39.8 :!: 18.8
I
0

26
28.9 :!: 6.9

0.06-114.8
4.6
26
28.5 :!: 7.I

171.5 :!: 4.5

173.1 :!: 4.7

0
12
16

41.5 :!: 20.7
10
13

= 8.2
160.3 = 5.4
38.4

40.2 :!: 17.8

I
0
0.06-3.S
1.05

13
31.8

= 8.0

= 5.1
47.0 = 17.0

172.7

4

6

Middle-Exposure
Group

High-Exposure
Group

3.39-14 13
6.60
20

15.28-106.4
22.58
20

37 9 :+: 7 8

37.9 :+: 7 0

1 59.5

:!: 4.0

40.2 :!: 19.9
0
0

=

159.1
3.6
38.9 :!: 19.5

0
0
5.7-1 14.8
12.5

13
25.2 :!: 4.1
173.6 :!: 4.3
35.9 :!: 23.2
6
0

Oaia aremean :!: SDor number of worl<crs. There were nosignificant differences inage, heighl, and exposure period belween the control and exposure
groups (ANOVA), excepl in age of male workers (P < 0.0487). Significanl level: P < O.OS.

handled 2-BP and one of them also handled
ethanol. Two other males of the exposure group
reported having used organic solvent, but its
chemical name was not available. Because no
accurate information was available regarding the
exact time of handling I-BP by 4 female workers
and 11 male workers in Yancheng in 2003 and l
female worker in Yixing in 2004 (who started
working in the factory before January 1999), the
exposure period was calculated for these
individuals on the assumption that January 1999
was the commencement date, which was deduced
from the fact of shift from 2-BP to I -BP
production.
ANOVA did not show any significant
difference in the period of exposure between the
low·, middle-, and high-exposure groups for
female workers and between low- and highexposure groups for male workers (Table 2).
There were significant differences between
the control, low-, middle-, and high-exposure
groups for female workers in tibial DL, sural
SNCV, vibration sense in toes, Fatigue of POMS,
LDH, TSH, FSH, estradiol, WBC, RBC, Hb, and
Ht (ANOVA; Table 3). ANOVA did not show
significant differences between the same groups in
tibial MNCV or FCV, amplitudes of J°voked
response in tibial MNCV or FCV, sural SNCV,
vibration sense in hands, all NCTB tests (simple
reaction time, digit span, Santa Ana, digit
symbol, and Benton test), tension, depression,

anxiety, vigor and confusion of POMS, total
protein, FSA, total cholesterol, BUN, creatininc,
CK,
aspartate
aminotransferase,
alanine
aminotransfer- ase, alkaline phosphatase, ")'glutamyl transpeptidase, luteinizing
hormone,
MCV, MCH, MCHC, and Pit. In male workers,
there were no significant differences between the
exposure groups and the control, except for Santa
Ana nonpreferred in NCTB, BUN and testosterone
(Table 3). In female workers, regression analysis
of exposure level showed significant trend in tibial
DL, vibration sense in toes, Benton test, BUN,
LDH, TSH, RBC count, Ht, and Pit (Table 4). In
male workers, Santa Ana nonpreferred hand and
BUN showed significant trend (Table 4).
Considering that the period of exposure to
I·BP is also a potentially important factor in the
long-term health effects, we conducted ANOVA
and regression analysis on the product of
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exposure level and duration. ANOVA showed
significant difference among the groups in tibial
DL, surat SCV, vibration sense in both feet,
Vigor, Fatigue and Confusion of POMS, TSH,
FSH, estradiot, WBC, RBC, and Ht in female
workers and Santa Ana nonpreferred hand and
BUN in male workers (Tables 5 and 6).
Regression analysis showed significant increase
with cumulative exposure level in tibial DL,
threshold for vibration sense, BUN, LOH, TSH,
FSH, MCV and MCH in female workers and
BUN in male workers (Table 7). Regression
analysis also showed significant decreases in CK,
RBC, Ht, and Pit in female workers and Santa Ana
nonprefened hand in male workers with
cumulative exposure level (Table 7).
The level of daily alcohol exposure was
assessed on the basis of the assumption that the
alcohol percentages arc 4%, 12%, 15%, 38%, and
45% in beer, red wine, Chinese yellow wine,
light Chinese white liquor and strong Chinese
white liquor, respectively. ANCOVA for I -BP
exposure level (or I-BP cumulative exposure
level), alcohol exposure, and a factor of pair
matching for age, sex, and region in selecting
77

opea-neters
controls Dwosaes-Decpoennddeunct tNeeduroftooxricithy eoaflt1h-Bropmaoraprm
that showed significant trend in regression
analysis on I-BP exposure level (or I -BP
cumulative exposure level) or
significant
difference among groups in ANOVA (Tables 4 and
7). The analysis confirmed significant effect of I
BP exposure on tibial DL (P =
0.0014), sural SNCV (P = 0.023), vibration
sense in toes (P < 0.0001), Benton test (P =
0.046), LDH (P = 0.015), TSH (P = 0.034),
FSH (P = 0.026), RBC (P = 0.0005), Hb (P =
0.042), and Ht (P = 0.012), but not BUN (P =
0.075), cstradiol
(P = 0.40), WBC (P = 0.32), or Pit (P = 0.15) in
female workers
(Table 4). In male workers, the analysis
confirmed the significant effect of I-BP exposure
level on BUN (P = 0.015), but did not confirm
any significant effect of I -BP exposure on Santa
Ana nonpreferred hand (P = 0.23) or testosterone
(P = 0.65) (Table 4). ANCOVA on cumulative
exposure to I -BP, alcohol exposure, and a factor
of pair matching confirmed significant effect of
cumulative I -BP exposure on tibial DL (P =
0.0035), vibration sense in toes
(P = 0.0002). LOH (P = 0.0086), TSH (P =
0.0002), FSH (P =
0.011), RBC (P < 0.0001 ), Ht ( P = 0.012), MCV
(P = 0.0039),
and MCH (P

= O.O IO) but not on sural SNCV (P = 0.057), BUN
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TABLE 3.

Dose-Dependent Neurotoxicity of 1 -Bromopropane

Health Parameters in Control and Exposure Groups in Female and

Male Workers
ANOVA
Low-Exposure
Group

Cont rol

MiddleExposure Grou p

p•
Females
EleclrOphysiology
Tibial motor DL (ms)
Sural NCV (mis)
Vibration sense
Toe (s)
POMS
Fatigue
Biochemistry
LOH (IU/L)
Endocrinology
TSH (µ.IU/mL)
FSH (mlUlmL)
Estradiol (pg/ml)
Hematology
WBC (IO>tµ.L)
RBC (1<>61µ.L)
Hb (g/L)
Ht
Males
Neurobehavioral test
Santa Ana
(nonprcrcrrcd hand)
Endocrinology
Testosterone (pg/ml)
Biochemistry
BUN (mg/dL)

High-Exposure
Group

n

Mea n ::!: SD

P*

n

Mean ± SD

P*

0.64
0.063

20
20

8.4 !: 2.0
44.6 :!: 4.9

0.0010
0.0077

20
20

7.6 :!: 1.9
46.5 :!: 4.1

0.12
0.22

0.0027
0.0075

5.6 :!: 4.4

0.022

20

6.5 !: 3.7

0.0014

20

6.4 :!: 3.4

0.0021

0.0001

19

5.S :!: 4.2

0.047

18

6.3 :+: 4.2

0.23

19

5.9

4.9

0 12

0.035

182 !: 71

20

276

0.47

19

445 !: 526

0.0016

19

333 "<: 324

0.12

0.0038

45
57
56

2.3 :!: 1.3
7.8 .!: 7.6
112 .!: 98

II
19
19

2.9 !: 1.9
23 !: 28
52 :!: 39

0.70
0.010
0.017

16
19
18

4.2 !: 2.8
21 :+: 25
71 :!: 54

0.0035
0,035
0.17

18
19
19

3.8 :!: 2.3
18 :!: 24
83 !: 69

0.01 7
0 15
0.43

0.0028
0.0058
0.026

59
59
57
42

6.0 :!: 1.7
4.3 !: 0.4
1 2.S :!: 1.6
0.38 :!: 0.04

20
20
19
II

4.8 ::: I.I
3.8 :!: 0.4
1 1.5 :!: 1.3
0.35 :!: 0.04

0.012
<0.0001
0.010
0.085

19
19
18
14

195.8 .!: 2.1
4.0 :!: 0.4
12.4 :!: I.I
0.38 :!: 0.05

0.92
0.015
0.97
1.00

20
20
20
17

5.4 :!: LS
3.8 :!: 0.3
11.8 :!: LO
0.35 !: O.Q3

0.40
<0.0001
0 083
0.0069

0.031
<0.0001
0.011
0.0063

26

33.0

4.1

13

34.6

0.44

13

30.4 :!: 4.8

0.12

0.036

17

273 :!: 248

10

353 !: 164

0.57

7

75 :!: 186

0.092

0.041

24

13.3 !: 2.5

13

13.6

0.94

II

0.0078

0.012

"

Mean ::!: SD

"

Mean ± SD

60
57

6.7 :!: 1.7
49.0 :!: 6.2

20
17

7.1 :!: 1.7
45.4 :!: 4.2

60

2.9 :!: 3.9

20

56

8.4

.!: 4.6

58

:!:

:!:

:!:

:!:

279

3.3

3.0

:!:

16.2 !: 2.3

pt

DwulCU's m11lliple comparison was applied forcomparison with the control following ANOVA. Delay time in vibration sense is the mean of right and left toes. Only rhe hcahh
panmcleB !hat showed significance in ANOVA arc presented.

DL, distal latency; NCV, nerve conduction velocity; POMS, profile of mood status.
•p value forcomparison with the control.
tP value for ANOVA.

(P = 0.15), CK (P = 0.13), estradiol (P = 0.34),
wee (P = 0.15),
Hb (P = 0.055), or Pit (P = 0.14) (Table 7). The
analysis could not
confinn significant effect on Santa Ana
nonpreferrcd hand in male w orke rs (P = 0.17)
(Table 7).
Because estimation of vibration loss is
influenced by the examining neurologist and
also its estimation is affected by age, height. and
body weight.25 ANCOVA on I-BP exposure level
(or I-BP cumulative exposure level), neurologist,
age, height. body weight and alcohol
consumption was conducted in female workers.
Because data of body weight were not available
for five pairs in Yixing in 200 I,missed data of
body weight in five controls and five exposed
workers in Yixing in 200 Iwere substituted by the
average of body weights in the remaining data
of exposure group and control group in female
workers. The result showed that the effect of I -

BP exposure was significant

(P =

0.0002) with

12

estimated coefficient :!:: standard error of0.14 :!::
0.04 s/ppm, and the effect of
neurologist was also significant (P < 0.000 I), but
the effect of age,
height. or weight was not significant (P =
0.079, 0.16, 0.28, respectively). Similarly, the
effect of I
-BP cumulative exposure level was significant (P
=

0.000 I ) with estimated coefficient :!:: standard
error of 0.0031 :!: 0.0008 s/(ppm.month), and
the effect of
neurologist was significant (P < 0.000 I) but
the effect of age,
height, or weight was not (P = 0.1 1, 0.17, and
0.27, respectively).
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These results of significant effects of I-BP
exposure and I-BP cumulative exposure on the
vibration sense was confirmed by a model that
removed the data of five pairs, the body weight
data of which were missed in Yixing in 200 I.
The aforementioned results of significant
effect of I -BP exposure level or I -BP cumulative
exj>osure level for the average of both toes were
also confirmed by separate analyses of the right
and lefi toes.
DISCUSSION
This study provided strong evidence for
dose-dependent toxicity of I -BP, manifested by

NeLurotooxficittyhoef 1 t-B
prolongatiDoonse-Doefpetnhdeent D
ibroim
aloprnopearnvee,
decrease in SNCV of sural nerve and vibration
sense in toes, reduced score of Benton cognitive
test, increase in LDH, TSH, and FSH and
decrease i n RBC count and Ht in female
workers and increase in BUN in male workers.
Furthermore, analysis based on the product of
exposure levels by exposure period showed
cumulative dose-dependent changes in tibial DL,
vibration sense in toes, LOH, TSH, FSH, RBC
count, Ht, MCV, and MCHC in female workers.
To the best of our knowledge, this study is the
first to document t he dose-dependency of I-BP
toxicity in huma ns. The results also suggest
that the lowest adverse effect
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Dose-Dependent Neurotoxicity of 1-Bromopropane

Regression Analysis of Health Parameters on
Exposure Level in the Exposed Female and Male Workers
and Controls

TABLE 4.

Single Regression Model
Reg
Coe

n
Females
Electrophysiolog1cal tests
Tibial motor DL (ms/ppm)
Sural NCV (ml(s ·ppm)]
Neurobehavioral test
Benion
Vibralion sense
Toes (slppm)
Biochemistry
BUN [IU/(L ·ppm)]
LOH (IU/(L • ppm}]
Endocrinology
TSH (µ.IU/(mL ·ppm)]
FSH [mlU/(mL ·ppm)]
Estradiol [pgl(mL ·ppm)]
Hematology
WBC [10>1(µ.L ·ppm)]
RBC [10/(µ.L ·ppm)]
Hb (g/(L • ppm)]
Ht (ppm-')
Ph (10 1/(µL ·ppm ·mo)]
Male
Neurobehavioral test
Santa Ana (nonpreferred hand)
(ppm-')
Biochemistry
BUN [mg/(dL ·ppm)]
Endocrinology
Testosterone (pg/(mL ·ppm)]

p

120
114

0.042
-0.091

0.040•
0.15•

0.002 10 0.083
-0.22 10 0.03

120

-0.043

0.032•

-0.082 to -0.004

120

0.14

0.0021·

116
116

0.082
6.7

0.048
0.044*

0.0009 10 0.16
0.2 to 13.2

90
1 14
112

0.024
0.34
-0.82

0.0015•
0.14•
0.39

0.02 to 0.1 1
-0.11 10 0.78
- I.I 102.7

118
118
114
84
118

-0.015
-0.017
-0.25
-0.0014
-3.7

0.43
0.0004•
0.12•
o.oos8•
0.023

-0.052 to 0.022
-0.026 to -0.008
-0.57 10 0.07
-0.0024 10 0.0004
-16.9 10 -0.5

-0.25

0.026

52

48
40

0.23
-14

0.05 to 0.23

-0.47 to -0.03

0.0028*

0.08 to 0.38

0.053

-29 10 0.2

•ANCOVA adjusting alcohol exposure and the effect of pair (one-to-one) ma1ching for age, sex, and region in selecting
controls showed significant effect (P < 0.05). Delay time in vibration sense is the mean of right and lefi toes. All health
pazamelers wilh significant trend with exposure level are presented. Parameters that did not show sigmficanl lrend with
exposure level arc presented if ANOVA (Table 3) showed significant difference between gmups.
DL. distal latency; NCV. nerve conduction velocity; POMS, profile of mood status; Cl, confidence interval.

level is 1.28 ppm for vibration sense in toes
and RBC count in female workers. r
This study showed that tibial MNCV is less
affected than tibial DL following I -BP exposure.
This is in agreement with the New Jersey case
reponed by Dr Sclar, which showed marked
prolongation (range, 8.0 to 9.6 ms) of DL in the
lower extremity, whereas motor conduction
velocity mildly decreased only for the peroneal
segment under the knee (left 39.3 mis; right 38.3
m/s). 15 The present results are also in agreement
with our previous animal study, which showed
earlier change in DL than MNCV in tail netve9·•
1. The discrepancy of changes between DL and
MNCV can be caused by distal-dominant
degeneration of peripheral motor neive, or

derangement of chemical transduction i n
neuromuscular junction by I -BP exposure.
Nevertheless, the latter is unlikely, given that the
workers lacked symptomatology of neuromuscular
junction disorder. This study also showed that
SNCV is more sensitive than MNCV to I -BP
exposure, consistent with the New Jersey case,
which showed marked decrease of SNCVs in the
lower extremities. 1s

14
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In contrast to the changes in tibial DL and
sural SNCV, the amplitudes of corresponding
evoked response did not show any significant
change. This finding is in agreement with the
New Jersey case, which showed nonnal
amplitudes of the corresponding motor-evoked
response and all sensory-evoked responses in
lower extremities except for mild attenuation of
the left sural response (3.1 µ.V). 15 This suggests
that the primary target of I -BP could be the
myelin sheath rather than axons, as shown by the
degeneration of the myelin i n rat in our
expcriments.9· 11

Scores of the reflex test did not show any
significant effect for I -BP (Wilcoxon test),
although the Achilles reflex showed
marginal increase in the high-exposure group ( P
= 0.0516). In
contrast to human cases reported i n the United
States, this study did not show clear enhancement
of reflexes in lower extremities. This difference
might be due to differences in the exposure levels
between the US cases and the Chinese workers.
The I -BP exposure levels in the investigated
Chinese factories were obviously lower than those
found in US cases (60 to 261 ppm [average, 1 33
ppm)•l and 91 to 176 ppm [average, 130 ppm)).t
4
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TABLE 5.Classification of Female and Male Workers by Cumulative Exposure Level
Exposed Workers
(Total)

Control
Female
Cumulative exposure (ppm ·mo)
Median of group (ppm ·mo)
Number of workers
Age (yr)
Height (cm)
Habirual drinking
Habirual smoking
Male
Cumulative exposure (ppm ·mo)
Median of group (ppm ·mo)
Number of workers
Age (yr)
Height (cm)
Habirual drinking
Habirual smoking

60
38.0 .! 6.9
160.0 !: 3.9
2
3

26
28.9 :!: 6.9
171.5 !: 4.5
12
16

2.0-3617.5
255.6
60
38.2 ::!:: 7.6
159.7 :!: 4.6
I
0

2.0-120.7
232
20
35.8 ::!:: 8.2
160.5 :!: 6.1

0.8-3787 9
145.7
26
28.5 !: 7 I
173.1 '!: 4.7
10
13

0.8-140.4
54.3 ;
13
31.2 !: 8.4
172.4 !: 4.1
6
8

Lo\V·Cumulative
Exposure Group

Middle-Cumulative
Exposure Group

125-426
256
20
40 0 ::'; 7.8
159.0 :!: 4.0
0
0

I

0

446-3618
1056
20
38.7 :!: 6.3
159.6 !: 3.2
0
0
151-3788
414.4
13
25.7 !: 4.2
173.8 :!: 5.3
4
5

Data arc mean :!: SDor number of workers. There were no significant differences inage and height between the control andexposure groups (ANOVA). Data of height were
notavailable for eachone pair of low· and high-cumulative exposure groups in male workers.

TABLE 6.Health Parameters in Control and Exposure Groups Classified

by

Cumulative Exposure Level
ANOVA

Middle-

Females
Electrophysiology
Tibial motor DL (ms)
Sural NCV (mis)
Vibration sense
Toe (s)
POMS
Vigor
Fatigue
Confusion
Endocrinology
TSH (µIU/mL)
FSH (mlU/mL)
Estradiol (pg/mL)
Hematology
WBC (la3/µL)
RBC (106/µL)
Ht
Males
Neurobehavioral test
Santa Ana
(nonprererred)
Biochemistry
BUN (mg/dL)

II

Control
Mean :!: SD

Low-Cumulative
Exposure Group
n Mean :!: SD

60
57

6.7 :!: 1.7
49.0 :!: 6.2

20
18

7.7
43.8

:!: 3.9

20

5.6

58
56
56

18.2 :!: 6.2
8.4 :!: 4.6
7.8 :!: 3.9

45
57
56

0.0001

21.7 :!: 6.2
6.1 :!: S.2
7.1 :!: 4.S

0.070
0.17
0.90

0.035
0.036
0.046

18
19
19

4.6 :!: 2.9
21 ::!:: 25
85 ::!:: 72

0.0001
0.033
0.47

0.0005
0.0045
0.022

20
20
17

5.3 ::!:: 1.4
3.7 :!: 0.3
0.35 ::!: 0.03

0.30
<0.0001
0.0069

0.031
<0.0001
0.0063

0.48

13

30.5 ::!: 4.8

0.13

0.046

0.93

II

16.2

0.0081

0.013

:!: 4.3

0.025

20

6.4

20
20
19

22.0 :!: 4.2
S.5 :!: 4.3
5.0 :!: 4.0

0.048
0.044
0.031

19

18
19

19.5 !: 6.3
6.1 :!: 3.8
S.8 :!: 3.7

2.3 :!: 1.3
7.8 :!: 7.6
112 ::!:: 98

II
19
19

3.4 :!: 1.6
17 :!: 24
so ::!:: 30

0.22
0.21
0.012

16
19
18

59
59
42

6.0 :!: 1.7
4.3 :!: 0.4
0.38 :!: 0.04

20
20
11

4.8 :!: 1.3
3.9 :!: 0.4
0.35 :!: 0.04

0.015
0.0035
0.085

19
19
14

26

33.0 :!: 4.1

13

34.S :!: 3.4

24

13.3 ::!:: 2.S

13

13.6

60

2.9

;!;

3.1

pt

0.0013

7.6
46.1

:!: 2.4

0.16
0.14

20
20

0.0019

20

0.77
0.17
0.20

20
18
18

3.0 :!: 2.0
24 :!: 28
72 :!: 56

O.SI
0.0062
0.19

S.8 :!: 2.1
3.9 :!: 0.4
0.38 :!: o.os

0.95
0.0008
1.00

:!: 4.7

!:

3.8

7.8 ;!; 1.7
46.5 ::!:: 3.7

P*

0.022
0.0036

20
19

:!:

P*

High-Cumulative
Exposure Group
n Mean :!: SD

0.045
0.22

0.068
0.0017

:!:

1.6
4.5

P*

Cumulative
Exposure Group
II
Mean :!: SD

6.5

:!:

3.4

2.0

OunRCll"s multiple comparison was applied for comparison with the control rollowing ANOVA. Delay time in vibration sense 1s the mean or righ1 and left toes Only health
pararnctcn that showed significance in ANOVA arc presented.
DL. distal latency; NCV, nerve conduction velocity; POMS, 11rofile of mood sta1us.
•P value for comparison with the control.
tP value for ANOVA.
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TABLE 7.Regression Analysis of Health Parameters on
Cumulative Exposure Level !n Exposed Female and Male Workers
and Controls
Single Regression Model
Regression
Coerlicient

II

Females
Electrophysiological tests
Tibial motor DL [msl(ppm ·mo))
Sural NCV [ml(s ·ppm ·mo))
Vibration sense
Toes [s/(ppm ·mo))
Biochemistry
BUN (IU/(l ·ppm ·mo))
LOH [IU/(L ·ppm ·mo))
CK (IU/(l ·ppm ·mo))
Endocrinology
TSH [µIU/(ml ·ppm ·mo))
FSH (mlU/(ml ·ppm ·mo)]
Estradiol (pg/(ml ·ppm ·mo))
Hematology
WBC [to>/(µL ·ppm ·mo)]
RBC [106/(µl ·ppm ·mo)]
Hb (g/(L • ppm • mo))
HI [10-5/(ppm ·mo))
MCV (IL/(ppm.mo))
MCH[pg/(ppm.mo))
Ph [101/(µl ·ppm ·mo)]
Males
Neurobehavior test
Santa Ana (nonpreferred hand
(ppm ·mo)- 1 )

,.
95% CI

120
114

0.0009
-0 0013

0.048°
0.35

0.0001 10 0.017
-0.0039 lo 0.0013

120

O.ll029

0.0026°

0.001Oto 0.0048

116
116
116

0.0018
0.16
-0.024

0.041
0.021 •
0.013

0.0000I 10 0.00036
0.030 lo 0.296
0.042 10 0.0050

90
114
112

0.0020
0.011
-0.013

0.0001•
0.025•
0.52

0.0010 10 0.0030
0.0008 lo 0.0206
-0.027 to 0.053

118
118
1 14
84
94
94
118

-0.0004
-0.0004
-0.0036
-2.7
0.0037
0.0019
-0.089

0.36
<0.0001 •
0.30
o.01s•
0.031 •
0 0046•
0.011

-0.0012 lo 0.0004
-0.0006 to -0.0002
-0.0103 to 0.0031
-0.000048 to -0.S
0.0003 to 0.0071
0.0005 to 0.0033
0.021 to 0.157

52

-0.0072

0.0033

0.00047 to 0.014

DL. distal latency; NCV. nerve cnnduction velocity; POMS. profile of mood status; Cl, confidence interval.
•ANCOVA adjusting alcohol exposure and the effect of pair (one-to-one) matching for age, sex. and region in selecting
controls showed significant effect (P < 0.05). Delay time in vibration sense is the mean of right and left toes. All health
parameters that showed significant trend with cumulative exposure level arc presented. Parameters that did not show
significant trend with cumulative exposure level arc also presented when ANOVA (Table 6) showed significant difference
between groups.

A decrease in vibration sensation in the
lower extremities was also described in a case
intoxicated with I-BP in New Jersey, 15 3 of3 cases
in North Carolina,13 and 4 of 4 cases (none
reponed in two other patients) in Utah.t 4
Considered together with 1he finding of this
study, the results suggest that vibration sense is
one of the most sensitive indicators of I -BP
neurotoxicity. r
This study indicates that I -BP induces dosedependent falls in RBC count and Ht. Animal
studies showed possible hematotox- icity for I-BP
at relatively high exposure levels. In a 4-week
study, female rats exposed to 1590 ppm of I -BP
showed erythropenia, anemia, and a fall in Ht.'4
In our previous study, 9 of 24 females and 4 of
13 males in Yixing factory in 1999 showed lower
Hb or Ht than the lower limit of reference values,
although possi ble effects of previous exposure to

2-BP could not be ruled out. The hematolog· ical
data of this study did not include those of the
Yixing workers who started work before the switch
from 2-BP to I -BP. Neverthe- less, it should be
no1ed also that the workers in this study were also
coexposed to a trace of 2-BP as shown by the
dala of passive diffusion samplers. In this regard,
the US National Institute for Occupational Safety
and Health investigation revealed lhat a trace of 2BP could be present even in the commercially
available I -BP product.26.27 The hematological effect
of possible con1amination of 2-BP should be
explored in future studies.
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The dose-dependent increases in BUN
and LOH suggest possible adverse effects on the
liYer,2s kidney,29 heart, or muscle or hemolysis
in mice. The 3-month I-BP inhalation study in
the recent National Toxicological Program also
showed dose-dependent in- crease in BUN in
male and female rats on days 3 and 23, respectively, but not week 14,30 and lhe lowest
exposure level tha1 significantly increased
BUN was lower in male rats than in female rats.
Further study is needed to clarify the
mechanism of the I -BP-induced increase in
BUN and LDH.
The mechanism of the dose-dependent
increase in serum TSH and FSH levels
remains elusive. Nevertheless, one of our 12week inhalation studies showed a decrease in
T4 level (unpub- lished results), which could,
776
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at leasl theoretically, result in a secondary
increase of TSH.
Compared with female workers, male
workers showed sig- nificant exposure-associated
changes in fewer indices. The differ- ence in
results between females and males might be
explained by I ) the lower statistical power for
male data; 2) difficulty in assessmenl of exposure
for male workers because male workers lendcd to
play multiple roles such as carrying heavy load,
whereas female workers tended to remain al the
same site i n lhe factory; or 3) possible sex
difference in susceplibility_ With regard 10 item
3, 111ir prc·,,ious studies showed the female Wistar
rats became seriousl y ill after
© 2010 American College of Occupational and Environmental Medicine
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7-week

exposure at 800 ppm, 8 hr/d, and 7
d/wk,19 whereas male Wistar rats did not after
12-week exposure under the same condi- tion.910 The National Toxicology Program also
reported a higher susceptibility of female mice
and rats lo I -BP-induced carcinoge- nicity.30
This study has several limitations. First,
acclimating workers to room temperature is not
sufficient for controlling the skin temperature in
the legs. Such uncontrolled leg skin temperature
might cause potential errors in the collected data.
Second, clinical vibration assessment using
tuning fork is inherently inaccurate, particularly
in tall, obese, and elderly people. Although
multiple regression analysis that included age,
height, and weight still showed significant effect
of I -BP exposure level on vibration sense,
quantitative assessment of vibration sensation
would improve the accuracy
of
this
measurement. 25 Third, the cumulative exposure
levels were limited by I to 3 day measurements
of individual exposure levels, presumed to be at
the same level when averaged more than the
number of exposed months.

Ozone: Listing of Substitutes for Ozone-Depleting
Substances-n-Propyl
Bromide in Solvent Cleaning. Federal Register Vol. 72. Washington. DC:

EPA; 2007:30142-30164.

CONCLUSION
In conclusion, this study documented
important adverse effects for I-BP in workers
handling I-BP production and that the neuro-,
endocrine-, and hemotoxicities were dose
dependent and worse in female workers. The
lowest I-BP exposure level to induce these
adverse effects was estimated to be 1.28 ppm.
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Supplementary data
Table: Ambient concentrations of 1-bromopropane and 2-bromopropane
n

Min

1st Quartile

Median

3rd Quartile

Max

Reaction pot

20

2.2

3.1

3.3

4.4

7.7

Distillation pot

5

2.2

2.2

2.2

3.3

3.3

Raw product collection

5

6.6

8.8

16.5

18.7

22

Reaction pot

4

ND

ND

ND

ND

ND

Distillation pot

30

ND

0.28

9.4

14.9

66

Raw product collection

30

11

44

58.3

88

88

Reaction pot

3

ND

2.2

4.4

6.6

8.8

Distillation pot

2

16.5

16.5

16.5

16.5

16.5

Recording spot

4

5.5

5.5

6.6

8.3

9.9

Reaction pot

24

ND

1.9-

5.5

7.7

19.3

Operation desk

24

ND

1.1-

3.9

5.5

8.8

Aisle

24

ND

ND

5.5

7.7

22

Yixing 2001

Yancheng 2003

Yixing 2004

Weifang 2005

ND: Not detected
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Appendix II. Quantitative Assessment of Vibration Sense In
Contrast With Qualitative Tuning Fork Data

Clinical versus quantitative vibration
assessment: improving clinical
performance
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Abstract
Abstract In 3 large cohorts (total of 787 patients), clinical vibration impairment (CVI) of
the great toe using a tuning fork was compared with quantitative vibration threshold
(QVT). Using a stepwise multivariate analysis, we assessed demographic and
anthropomorphic patient characteristics associated with the difference between CVI and
QVT for the various cohorts and the chosen QVT ranges of percentile abnormality. We
also compared CVI or QVT abnormality with a composite score of nerve conduction
abnormality to confirm that QVT is a valid measure of severity of neuropathy.
Highly significant associations between CVI and QVT were found in all 3 cohorts studied,
regardless of the chosen QVT percentile level of abnormality. However, in the 2 cohorts
evaluated by many different physicians, CVI overestimated QVT much more often than
underestimated it. The discordance between CVI and QVT in all QVT abnormality
percentile levels was associated with age, height and body surface area (BSA) in 1 cohort,
with age and BSA in another cohort, and with age in the third cohort. In the third cohort,
the correlation between QVT and the composite score of nerve conduction abnormality
was significantly higher than the correlation between CVI and the composite score.
Using a tuning fork, neuromuscular physicians overestimate vibration sensation loss more
often than when QVT testing is done, which employs quantitative stimuli, a broad range of
stimulus magnitudes, null stimuli, validated algorithms of testing and validated reference
values. To improve assessment of vibration sensation, physicians should take into account
age, height and weight (or body surface area) when judging vibration abnormalities.
Applying some useful approaches to quantitative sensory testing might improve the
accuracy of clinical sensory testing.
Provide feedback or get help
You are viewing our new enhanced HTML article.
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Introduction
Clinicians assess sensation (e.g., touch-pressure or pinprick) to identify reduced sensation
(hyposensitivity or elevated threshold), normal sensation, or increased sensation
(hypersensitivity or lowered threshold such as hyperalgesia). At the bedside, 2 approaches
are commonly used to detect decreased sensation — comparative and absolute. The
comparative approach is especially useful for establishing sensory level or sensory loss in a
radicular, plexus, or mononeuropathic distribution. The objective of the comparative
approach is to identify the relative difference in the thresholds or in the subjective
experience between similar sites (e.g., right and left, or adjacent segmental levels such as
T9 and T10). The goal is not to determine objectively whether the threshold is decreased,
normal, or increased, but rather to recognize differences. In the absolute approach, the
physician attempts to grade thresholds objectively, not by comparing similar sites, but by
comparing the magnitude of stimulus intensity that can be felt with what is expected for a
particular site and modality, taking into account age, sex, and anthropomorphic features.
The absolute approach can be used in epidemiological studies, controlled clinical trials and
in medical practice to detect and follow-up altered sensation in symmetric
polyneuropathies. It is more difficult because physicians must rely less on direct site-to-site
comparisons and more on their own experience of what is normal.
Quantitative sensation testing (QST) is especially well- suited to the absolute approach
because the preconditions of testing can be specified, stimuli can be quantified and results
can be expressed as a percentile value that takes demographic and anthropomorphic
characteristics into account (e.g., modality, anatomical site, age, sex) (Dyck et al., 1993;
1995; O'Brien and Dyck, 1995 ). A variety of QST instruments and approaches are now
available for such testing (Dyck et al., 1993; Fruhstorfer et al., 1976; Goldberg and
Lindblom, 1979; LeQuesne et al., 1989; Yarnitsky and Sprecher, 1994).
In this study, we were concerned with the accuracy of the absolute approach. We assessed
the accuracy of CVI and QVT using a computerized system — Computer Assisted
Sensation Examination IV (CASE IV) — to evaluate vibration, cooling and heat–pain
thresholds in 3 prospective patient cohorts. When the CVI and QVT gave discrepant
results, we tested for the influence of various demographic and anthropomorphic covariates
using stepwise regressions to determine the reasons for inaccuracy. To assess the validity
of using QVT as the gold standard, for the cohorts with the highest concordance between
CVI and QVT, we tested the association between each of these measures and an
independent composite score of neuropathic severity of nerve conduction.

Patients and Methods
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CVI was prospectively evaluated in 3 cohorts using a standard anatomical site (the dorsum
of the great toe); a standard tuning fork (25 × 3.1 × 1.2 cm, aluminum steel with counter
weights); a standard grading approach for age, sex, and anthropomorphic characteristics;
and standard forms. Forms used were the Mayo Clinic Neurologic Record Sheet for the
Peripheral Nerve Clinic (PNC) cohort and the Clinical Neuropathy Assessment (CNA)
form for the ASTA Medica, Inc. (AM) and Rochester Diabetic Neuropathy Study (RDNS)
cohorts. The CNA form was used to record information in the office or at the bedside with
pencil or pen. The CNA has 3 tests: Lower Limb Function; Neuropathy Impairment Score
(NIS); and Neuropathy Symptoms and Change (NSC) score. Subscores by anatomical
region (e.g., lower limb) or dysfunction (e.g., positive neuropathic sensory symptoms) can
also be derived. The NIS is a summed impairment score (number of points of a standard
group of neurologic-examination items including weakness, state of reflexes and altered
sensation). The NSC provides a summed tally of the number, severity and change of
neuropathic symptoms (Dyck et al., 1980; Grant et al., 1999). The CASE IV system was
used for QVT testing at the same site on the same medical visit. The CASE IV system and
the 4, 2 and 1 stepping algorithm with null stimuli have been previously described and
validated (Dyck et al., 1978; 1991; 1993). Normal values have been estimated (Dyck et al.,
1995). The characteristics of each cohort are shown in Table 1.
Table 1. Cohort characteristics.
PNC*
Patients, n
Sex (male)
Neurologists, n


AM

RDNS

166
374
247
63 %
72 %
48 %
17
44
1
mean SD mean SD mean SD

PNC vs PNC vs
AM
RDNS

p**

p

AM vs
RDNS

p

*
The 3 cohorts are Peripheral Nerve Center (PNC), ASTA Medica, Inc. (AM) and
Rochester Diabetic Neuropathy Study (RDNS).



**
Wilcoxon rank sum test (NS = not significant).






†

a score of a standard group of items of the neurologic examination and includes
muscle weakness, reflex loss and sensation (tactile, vibration, joint position and
motion, and pin prick) of the toe or foot (Dyck et al., 1980; Grant et al., 1999).
‡
the score of severity of a standard questionnaire concerning symptoms related to
weakness, sensory loss or autonomic dysfunction (Grant et al., 1999).
§
similar to the score immediately above, but includes only positive symptoms
(Apfel et al., 2001; Grant et al., 1999).

Age (years)
Height (m)
Weight (kg)

54.2
1.7
85.3

13.0 53.6
0.1 1.7
20.3 90.0

7.8 57.7
0.1 1.7
21.3 87.6

13.2 NS
0.1 NS
22.3 0.03

0.01
< 0.001
NS

< 0.001
< 0.001
NS
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PNC*
Patients, n
Sex (male)
Neurologists, n

AM

RDNS

166
374
247
63 %
72 %
48 %
17
44
1
mean SD mean SD mean SD

NIS-Lower Limb
13.5
(points)†
NSC Severity
2.2
negative sy (points)‡
NSC Severity
4.6
positive sy (points)§

PNC vs PNC vs
RDNS
AM

p**

AM vs
RDNS

p

p

12.3 9.8

5.6

2.7

5.7

NS

< 0.001

< 0.001

1.6

3.2

2.2

3.5

2.4

0.01

0.04

NS

2.8

3.3

2.2

2.7

2.5

< 0.001 < 0.001

0.01

PNC cohort
CVI was evaluated by 17 physicians (advanced neuromuscular trainees) on more than 200
consecutive new patients referred to one of the authors (PJD) between May 1997 and
December 1999. QVT abnormality was evaluated during the same medical visit but
independent of the clinical examination of the toe. Response was also graded as 0, 1 or 2
by different percentile ranges as indicated below and in Table 2, making a direct
comparison of CVI and QVT possible.
Table 2. Correlation coefficients by regression analysis of CVI* on QVT** in the 3
cohorts
Abnormality
PNC†
AM†
RDNS†
range
 *
scored as normal (0), mildly elevated (1) or markedly elevated (2).


**
scored as normal (0), mildly elevated (1) or markedly elevated (2) using the
different percentile abnormality ranges A–D.



†
p < 0.001 for all tests.

A
B
C
D
Abnormality
range
A

0.40
0.37
0.37
0.36
normal
< 92.5

0.30
0.30
0.34
0.31
mildly
elevated
≥ 92.5 – 97.5

0.54
0.55
0.58
0.58
markedly
elevated
≥ 97.5
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Abnormality
range
B
C
D

PNC†
< 95.0
< 95.0
< 97.5

AM†
≥ 95.0 – 97.5
≥ 95.0 – 99.0
≥ 97.5 – 99.0

RDNS†
≥ 97.5
≥ 99.0
≥ 99.0

AM cohort
This cohort consisted of patients participating in an ongoing international multicenter
double-blind trial of oral α-lipoic acid for the treatment of diabetic polyneuropathy. Fortyfour physicians from 5 countries performed the neuropathic assessments of patients at
baseline, which included clinical vibration sensation of the great toe. QVT of the great toe
was tested independently using CASE IV, which had been calibrated by WR Medical
Electronics (Stillwater, Minnesota). Physicians were given instruction on the grading
criteria and were certified for the controlled trial after a practical examination. Most of the
participating physicians were neurologists, and a small number were diabetologists.
Patients recruited for study had diabetes mellitus and were stage 1 (evidence of
polyneuropathy but without symptoms) or stage 2a (evidence of symptomatic
polyneuropathy but with less than 50% weakness of dorsiflexion of the legs). Here also a
direct comparison between CVI and QVT was possible.

RDNS cohort
This cohort consisted of people living within the geographic boundaries of Rochester,
Minnesota, on January 1, 1986, who were known to have diabetes mellitus and who agreed
to participate in a cross-sectional and longitudinal epidemiologic study of diabetic
complications (Dyck et al., 1991). The clinical vibration sensation examination was
performed by one of the authors (PJD). Vibration detection threshold of the great toe using
CASE IV, independent of but at the same medical evaluation, was assessed, allowing
comparison of CVI and QVT.

Analysis
For the 3 cohorts, we compared CVI and QVT (both graded as normal = 0, mildly
abnormal = 1, or markedly abnormal = 2) using 4 different percentile ranges of
abnormality (Table 2). For this analysis, we wanted to determine the percentage of cases
with the same grade, or the percentage of cases in which clinicians overestimated or
underestimated sensation abnormality.
Next we assessed the concordance of CVI and QVT (both graded as normal = 0, mildly
abnormal = 1, or markedly abnormal = 2) using 4 percentile ranges of abnormality (Table
2). For each cohort and each percentile range, we regressed CVI on QVT and estimated the
correlation coefficients.
Using a stepwise multiple repression analysis, we assessed the demographic and
anthropomorphic variables that were statistically associated with the difference between
CVI and QVT, for the various cohorts and QVT ranges of percentile abnormality.
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In the RDNS cohort, we compared CVI and QVT abnormality (using the 4 different
percentile ranges) against a composite measure of severity of nerve conduction
abnormality (Σ5NC) — an independent measure of severity of neuropathy. The RDNS
cohort was chosen because it had the highest correlation between CVI and QVT of the 3
cohorts. The advantages and calculations needed to derive the summed normal deviates of
attributes of 5 nerve conductions have been described elsewhere (Dyck et al., 1995; 1997;
2001). This composite measure provided an objective measure of severity of diabetic
polyneuropathy. Choi's test (Choi, 1977) was used to assess the difference between the 2
correlation coefficients.

Results
Concordance of normality and abnormality
As shown in Table 3, regardless of percentile level for QVT abnormality, physicians
overestimated CVI abnormality in the PNC and AM cohorts much more often than they
underestimated it (abnormality ranges are shown in Table 2). In contrast, in the RDNS
cohort, one of the authors (PJD) underestimated CVI when the thresholds were set at ≥
92.5th percentile, ≥ 95th percentile, or ≥ 97.5th percentile, but judged CVI almost exactly
when the threshold was set at ≥ 99th percentile.
Table 3. Concordance between CVI and QVT.
Percent
Cohort Criteria for Abnormality (percentile) Same Overestimate Underestimate
62.1 28.9
9.0
PNC ≥ 92.5
≥ 95.0
60.3 32.5
7.2
≥ 97.5
56.6 40.4
3.0
≥ 99.0
54.2 43.4
2.4
≥ 92.5
73.8 16.8
9.4
AM
≥ 95.0
71.7 19.5
8.8
≥ 97.5
58.3 35.3
6.4
≥ 99.0
50.8 44.9
4.3
75.7 2.4
21.9
RDNS ≥ 92.5
≥ 95.0
78.6 2.4
19.0
≥ 97.5
86.2 4.9
8.9
≥ 99.0
87.8 6.9
5.3

Concordance of grades
As shown in Table 2, highly significant associations between the CVI and QVT were
found in all 3 cohorts, regardless of the QVT percentile levels of abnormality. Generally,
correlation coefficients were highest in the RDNS cohort, next highest in the PNC cohort
and lowest in the AM cohort.
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Multivariate analysis of demographic and anthropomorphic variables for
scored differences
The difference between CVI and QVT, regardless of which QVT percentile abnormality
level was considered, was associated with age and BSA in the PNC cohort; and with age,
height and BSA in the AM cohort (Table 4). For the PNC cohort, these factors accounted
for approximately 25% of the variability. In the AM cohort, these factors accounted for
approximately 5% of the variability. In the RDNS, only age accounted for under- and
overestimates — approximately 10% of the variability.
Table 4. R2 values of the multivariate factors associated with scored differences between
CVI and QVT.
Abnormality Ranges*
A† B † C† D†
Cohort
Factors
 *See Table 2 for abnormality ranges.
 †
p < 0.05 for all factors
PNC Age and body surface area 0.25 0.27 0.29 0.26
0.05 0.05
AM† Age and height
Age and body surface area
0.05 0.06
†
0.09 0.09 0.08 0.13
RDNS Age

Concordance between CVI or QVT and Σ5NC
The correlation coefficient between QVT and the composite nerve conduction score (r =
0.447) was significantly higher (p=0.003) than the correlation coefficient between CVI and
composite nerve conduction score (r = 0.314), which provides additional evidence that
QVT is a reasonable measure of severity of polyneuropathy.

Discussion
Although there is reliable information that vibration thresholds (measured with a standard
tuning fork, quantitative tuning fork or QVT) correlate with other measures of neuropathy,
there has been little critical analysis of the accuracy of standard tuning fork vibration
testing (Dyck et al., 1987; 1992; Gerr et al., 1991; Maser et al., 1989). This is surprising
because this clinical assessment has been taught to medical students for more than 80
years, and vibratory perception testing has been considered useful for the recognition and
characterization of diverse disorders such as tabes dorsalis, diabetic and uremic
polyneuropathy, B12 deficiency, multiple sclerosis, and spinal and or nerve root
compression (Head, 1920; Klima et al., 1991; Roos, 1977; Steiness, 1957b; Wilson, 1941).
Furthermore, epidemiological studies and controlled clinical trials of diabetic and uremic
polyneuropathy have used CVI when assessing abnormality and severity (Dyck et al.,
1985; Pirart, 1978; Steiness, 1957b). The assumption seems to have been that physicians
are taught how to assess sensation, but the accuracy of results has not been questioned. The
weakness of this approach should be evident because standard instruments are not used in
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CVI testing; the number of stimuli presented is not specified and is usually small; null
stimuli are almost never used; the magnitude of stimulation is not known, defined, or
quantified; grading is not done over a broad range of stimulus intensities; the testing
algorithm is not specified; and normative values are not available. In a recent study,
Perkins et al. (2001) studied the utility and reliability of 4 simple sensation tests in annual
diabetic polyneuropathy screenings. They describe the operating characteristics of the 4
tests and conclude that annual screening of patients should be done using superficial painsensation testing, 10-g Semmes-Weinstein monofilament examination or vibration testing
with the on–off method. Although these may be useful screening approaches, Perkins et al.
do not address the accuracy of clinical vibration assessments.
What standards should physicians use to judge the accuracy of their clinical vibration
assessments? In contrast to CVI, CASE IV QVT assessments employ quantified and
reproducible stimuli; stimuli are presented in increasing exponential steps over a broad
range of stimulus magnitudes; null stimuli are interspersed; programmed and validated
algorithms of testing and estimating thresholds are used; and reference values specific to
modality, site, and demographic and anthropomorphic characteristics have been estimated
based on a study of many (>300) healthy subjects free of neurologic disease or diseases
predisposing to neuropathy (Dyck et al., 1987; 1991; 1993). CASE IV QVT provides
results that can be compared to CVI results. Our results show that QVT is a reasonable
standard against which CVI can be compared, showing a significantly higher correlation
coefficient between QVT and Σ5NC than between CVI and Σ5NC.
This study addresses the problems with CVI, and tests the accuracy of CVI assessments of
the great toe in a variety of neuromuscular patients, particularly those with diabetic
polyneuropathy. Tests were performed by neurologists and a few diabetologists,
neuromuscular fellows, and one of the authors (PJD). Although our study has shown that
the estimation of CVI by physicians correlates with QVT at a high level of significance, the
correlation coefficients for both the AM and PNC cohorts are not as high as desired; both
groups of physicians tended to overestimate severity of vibration impairment. It might be
assumed that community physicians generally do even less well than the physicians in this
study.
How can physicians improve their accuracy? Physicians should understand that they may
be overestimating vibration sensation loss (as physicians did here) and take into account
the variables (age, height and body mass index) found here to be associated with this
overestimate. Physicians should also adopt some of the approaches found useful in
quantitative sensation testing (e.g., use both stimuli and null stimuli); provide a broader
range of stimulus intensities; use more standard stimulus intensities; use standard
anatomical sites; and make a determined effort to consider the effect of modality, site, age,
sex, and physical characteristics. Physicians might compare their CVI results to QVT
results and modify their assessments accordingly. Although direct comparison of the
correlation coefficients between CVI and QVT for the 3 cohorts studied is not possible
because of differences in the cohorts studied, it is of note that the highest correlations were
achieved by a physician (PJD) who has tried to improve his performance using QVT and
the 99th percentile of abnormality as the standard.
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It is of interest that the demographic and anthropomorphic factors found to correlate with
overestimates of threshold are the same ones that have been found to be major influences
on percentile estimates of threshold and other tests of peripheral nerve function in
population studies (Dyck et al., 1995; Era et al., 1986; Meh and Denislic, 1995; Steiness,
1957a). How these factors influence threshold is not entirely understood, but a few
possibilities can be posited. With age, there may be fewer primary afferent units subserving
vibration. With increasing height and BSA, there may be increased physical separation of
Pacinian corpuscles. Also, with increasing BSA, the distance between the stimulating
tactator and the Pacinian corpuscles may be increased. The extent to which these factors
influence threshold is difficult to determine at the bedside; it is helpful for physicians to
also assess healthy subjects to get a better idea of what is normal for test, site, age, sex, and
physical factors.
The study has broader implications. There are many aspects of the neurologic examination
that should be subjected to the same kind of rigorous analysis used here. Such analysis
would determine which of the clinical evaluations (other modalities of sensation, muscle
weakness, and reflex activity) are accurate, whether training could improve performance,
and whether continuous monitoring of results would improve accuracy.
Although the time has probably not come to pitch the tuning fork, the time has come to
improve the accuracy of physician assessments by improving the clinical algorithm of
testing, teaching physicians the factors that influence estimation of impairment, and
monitoring performance using quantitative standards. These types of studies should also be
extended to other aspects of the clinical neurologic examination.
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Appendix III -Masayuki Baba, M.D., Ph.D., Chairman, Department of
Neurology, Aomori Prefecture Medical Center

Q l: Reliability of 128 Hz tuning fork testing used in this paper?
Response: It is nonsense to use 128 Hz tuning fork to compare the duration of time
vibration was sensed in the unit of seconds, as used as a study method in this paper.
It is impossible for a third person, third-party, to know directly that one has normal or
abnormal sensory perception such as pain or numbness. Therefore, in the actual
practice of neurology, various sensory testing approaches have been attempted to
detect abnormal sensory perception as accurately as possible. Vibration sense testing
using a tuning fork is one of them, and has been used in the field of clinical neurology
for over 100 years to determine the decline of joint position sense, which is the
sensory ability to know whether one's joint is stretched or flexed, damaged by the
myelophthisis due to syphilis infection, and the usefulness of this method has been
established in clinical practice. The 128 Hz tuning fork used in this paper is currently
a world-standard device to test vibration sense. This is the testing to know whether the
subject has sensory abnormality by placing a vibrating tuning fork, which is vibrating
by pounding on it, to the subject's toes or ankle (malleolus.) This is the vibratory sense
testing. The vibration caused by the pounding on tuning fork attenuates exponentially.
When the subject notifies the examiner at the moment he/she detected the feeling of
vibration being stopped, examiner will know the duration of time the vibration was
sensed from the start of vibration testing to the time notified. When 128 Hz tuning fork
is used, the duration of time vibration sensed is 10 to 15 seconds for the foot of healthy
adults, and usually it is several to 10 seconds longer for the fingers than foot, since
sensory perception is more sensitive for fingers than foot.
However, the tuning fork pounded stronger will result in longer time for sensed
vibration and weaker the pounding, shorter the time sensed. Thus, there is a possibility
to obtain different result by the difference in the pounding, so the method is not
suitable for large-scale testing when multiple examiners are involved. Therefore, often
another method used is setting the "O second" time point to the time when the patient
reported the cessation of vibration, then place the tuning fork to the fingers of the
examiner, and measure the duration of time the examiner stops to feel the vibration of
tuning fork on fingers. As I explained in the previous paragraph, fingers will detect the
minute vibration even after the foot ceased to sense the vibration, so that this method
is possible. By this method, it is possible to numerically describe sensory perception
in seconds by using the sensory perception of the examiner regardless of the pounding
strength. For example, when the patient's vibration sense is decreased severely,
patient ceases to feel the vibration of tuning fork when it is fairly strong, and the
duration of time the healthy examiner's fingers feel the vibration will be very long. On
the other hand, when the patient with mild decrease in perception, the difference in
time detected between the patient and the examiner will be shorter.
The method used in the paper by Li et al. is that when the patient ceased to
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detect the vibration, the tuning fork will be then placed to the same place of the
examiner's feet and measured the time the examiner ceased to sense the vibration.
This methodology is extremely unusual. The reason is that the method can come into
effect only when the vibration sense of subject's feet is less sensitive than that of
examiner's. Moreover, the examiner's hand holding the tuning fork will continue to feel
the vibration, so that testing own vibration sense of feet while holding the tuning fork by
own hand is a questionable method. I would saythis method is unfavorable.
However, there are more issues for the quantitative performance of using a 128 Hz tuning
fork. As I described above, vibration sense testing by tuning fork will result in the time
perceived in seconds that is in a way digitalized description, so that it seems the
quantitative comparison is possible, but in reality, it is a misconception. We are unable to
validate at what point of the exponential attenuation of the vibration the patient responded
that he/she "ceased to feel the vibration." Moreover, there is a situation when the subject
stopped feeling the vibration, and the tuning fork is then removed from the body area used
for testing, and immediately placed again on the same area, with the subjects again feeling
the weak vibration. This is the phenomenon caused by the habituation characteristic of the
vibration sense organ called subcutaneous mechanoreceptor. Also, the fine sensitivities are
influenced by environment such as surrounding noise or room temperature, the difference
in the way to place the tuning fork on the body, subject's degree of fatigue, and ability to
maintain attention. Therefore the result of tuning fork testing in the actual clinical practice
is described by qualitative classifications such as almost normal, decreased (not sensing the
weak vibrations), severely decreased (not sensing strong vibrations), and disappeared (not
sensing the extremely strong vibrations). The numbers of seconds are not reported as the
absolute values. That is, 128 Hz tuning fork is positioned as a tool for examination, not as a
testing device, and not recognized as the measuring device to give results that could be
subjected to quantitative analyses. I would say using the time declared by the patients by
128 Hz tuning fork method for quantitative analysis is similar to measuring the time in
seconds by hourglass..
One of the reasons underlying that the 128 Hz tuning fork is not suited for quantitative
analysis is its speed of attenuating the vibration. Such that the 64 Hz tuning fork with
delayed attenuation of vibration was produced about 20 years ago. There was a feature
added to this 64 Hz tuning fork to visualize the magnitude of vibration, and numerical
rating was easier than with the 128 Hz tuning fork. The results of validating 64 Hz tuning
fork testing were reported in Neurology 62:461-4, 2004. It concluded that the
quantification in a strict sense cannot be expected from this method; however, the semiquantitative feature that is acceptable in clinical practice was confirmed. Then, the 64 Hz
tuning fork was actually introduced to the large-scale clinical studies of diabetic
neuropathy, but interpreting the indices during the continuous attenuation of vibration was
never easy. So, it is not often used anymore, except only by those who fancy the method.
For the quest of more certain quantitative features in vibration sense testing, various
electronic vibration esthesiometers were developed, but with the fundamental limitation,
which is to ask the patient to respond whether he/she senses, but these devices were not
established as the objective testing methods. Dr. Dyck was at the forefront in the world of
developing various quantitative testing devices including the vibration sense test.
Minimally, the study such as this paper should have at least used the 64 Hz tuning fork, or
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possibly the quantitative vibration esthesiometer. It is reckless to quantitatively evaluate by
128 Hz tuning fork, and is almost as ridiculous as treating the data obtained by
stethoscope as that from cardiac echography.
Q l-2: Vibration sense measurement by multiple physicians and the necessity of
blinding
Response: Regardless of conducting the study by single professional or multiple
physicians, it is impossible to quantitatively analyze with sensitivity using
128 Hz tuning fork. And even by using 64 Hz tuning fork or quantitative
vibration esthesiometer, I think blinding is essential for this type of cross
sectional study.
Q l-3: As for the outlier
Response: When measuring the duration of time vibration is sensed, the outlier
value is expected presumably. Within the large-scale clinical trial that
is on-going in Japan, there is a standard established to omit those
considered outlier values from vibration sense testing at the level of
evaluation committee.
Consider the visual acuity test that everyone has some experience. When you see it
clearly, you respond immediately, but when you are not seeing clearly, you take
time to respond. The same goes for hearing testing. When you can hear, you cue
immediately. On the other hand, the vibration testing is to respond to tell the
moment when the minute amount of attenuating sense weakens, and the subject is
forced to do the psychological work to confirm that he/she made "confirmation of
not feeling" that is "whether to cue or not to cue that he/she is not feeling."
Consequently, the subject becomes very tired. When repeating this test multiple
times for the same subject, usually there will be variability in results. In the clinical
scene, comprehensive evaluations such as "mild decrease" are used including above
mentioned aspects. Therefore, the outlier value is expected presumably in this type
of study. Within the large-scale clinical trial that is on-going in Japan, there is a
standard established to omit those considered outlier values from vibration sense
testing at the level of evaluation committee. For example, when the averages of
left- and right-side results are determined, those with the difference of over 4
seconds will be omitted.
Q2: Is there any issue of extracting specific values in electrophysiological testing?
Response: From the aspect of analyzing the pathological state, it is not preferable to
subject only the specific items of electrophysiological testing.
Discussion on pathology by electrophysiological testing will give the most convincing
results when numbers of parameters are comprehensively analyzed. It is acceptable to
define the primary endpoint based on the pathological state of the targeted disease such
as selecting velocity parameters for toxic neuropathy when demyelination is expected,
and action potential amplitude when axon degeneration is expected. However, without
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the secondary endpoints, the credibility of the observation is extremely compromised.
This is further explained as added to the response for Q2-l.
Though this following may not be necessary, but the approach by O'Brien's method
is suitable to simplify the arguments to the degree of abnormal ity, which is severe or
mild, disregarding the pathological state such as demyelination and axon
degeneration. However, this is frustrating and not directly to the point from the
aspect of analyzing pathology. I think this methodology is diverting from the
direction of the scientific development of this field.
Q2-1: Clinical significance of tibial distal latency (DL) and sural nerve conduction
velocity (NCV)
Response: Even before the issue of clinical significance, from the data I see in the
paper, there is a serious question whether the neural conduction tests
have been conducted appropriately. The clinical significance of tibial DL
and sural NCV is very low.
1) Itis described as the examinations for tibial nerve and sural nerve is
conducted by the standard method and inthe room at 24degrees Celsius; however,
the control value of 6.7±1.7ms for tibial motor DL in Table 3is extremely
questionable.
2) Tibial nerve DL is the time from the stimulus to the start of compound
muscle action potential (CMAP), measured by using electro-stimulation at ankle,
which induces the CMAP of abductor hallucis recorded by an adhesive surface
electrode placed on skin directly above the muscle. Latency is prolonged when the
distance between the site of stimulus and the site of recording is longer, and the
latency shortened when the distance is shorter. In general, since the distance between
the center of muscle belly where skin- adhesive recording electrode is attached to the
stimulated site at the ankle is 9 to 10 cm, so that the standard value for DL is around
4.0±1.0 ms from the report worldwide including Japan. Therefore, any paper reporting
DL as 5 ms, you can speculate that there is "slight prolongation, meaning mild
decline of conduction velocity." The distance between the electrodes for this paper
is 11 cm, which is in the neighborhood of global standard. However, the DL of
control group in Table 3 is 6.7±1.7 ms, and this value is considered as seriously
pathologic prolongation . It is hard to believe that this is the data
from healthy control subjects. There is no reason the healthy individual tested by
standard method will result in such data, so the inappropriateness of recording site,
inappropriateness of stimulation site, and artifact of any kind are considered, and most
of all the low temperature of tissues at the bottom of feet are considered. That is
because the velocity of conduction is heavily dependent on the tissue temperature of
the nerve.
Though, this paper states that the room temperature was maintained at 24 degrees
Celsius, there is no evidence that the skin temperature was measured . It is unthinkable
for the study reports in electrophysiology, not to measure the skin temperature with
the analysis of velocity related parameters. That makes this paper lacking in scientific
value as a legitimate article on electrophysiology analysis. For your reference, when
considering how abnormal the average value of 6.7 ms is for control group, the data,
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6.7 ms, is equivalent to about 170% prolongation of global standard which is 4 ms.
That is, the neural conduction velocity of 50 mis became 30 mis or less. This is the
value indicating severe neural disorder in clinical practice.
3) Itis incomprehensible that data from F-wave latency is not mentioned despite the
prolongation of tibial nerve DL is suspected in the exposure group.
F-wave is the myoelectric potential created initially by the ascending neural
impulse of motor nerves, created by the stimulation at the ankle, traveling to the
spinal cord, reversing the direction in the spinal cord as a descending impulse into
the motor nerves, and finally reaching the abductor hallucis. So the route of F-wave
conduction is ankle to spinal cord (to ankle) to abductor hallucis, and that includes
all the neural route of peripheral nervous system. Therefore, when abnormality
occurred in any part of peripheral nerve, abnormality acutely appears in F-wave
latency. In reality, F-wave latency is considered the most accurate index for the
diabetic neuropathy. And DL is the time required for the conduction between the
short distance of ankle to abductor hallucis, and when there is DL prolongation,
there should definitely be the prolongation of F-wave that is conducted between
spinal cord to abductor hallucis. The credibility of DL prolongation should have been
supported by the F-wave latency prolongation. It is incomprehensible that such data
is not presented, and the credibility of DL prolongation is considerably lowered. It is
stated that the F-wave conduction velocity as normal, so that the F-wave latency must
have been recorded... F-wave has long conduction distance and the majority of it is
conducted in the deep nerves of lower extremities, and it is the parameter that gives
reproducible and stable latency.
3) Sural NCV
Sural nerve is a cutaneous nerve that runs immediately below the skin of
lower limb. So, the tissue temperature of sural nerve is greatly influenced by the
skin temperature. When the skin temperature decreases one degree Celsius, the
neural conduction velocity decreases by 2 to 3U/s. This is the reason why exact
conduction velocity is required, it is essential to prevent the decrease of skin
temperature as much as possible, and maintain the temperature to 32 degrees Celsius
or higher and maintain constant temperature if possible. Thus, testing the change in
velocity at least requires the measurement of skin temperature at the lower limb.
Lower limb to ankle that sural nerve runs is especially prone to become low in
temperature, and maintaining the room temperature alone does not mean anything
for the measurement. The results of sural nerve conduction without the management
of temperature does not make any sense in anywhere in the world.
What counts the most in the electrophysiology of sensory nerve in the
peripheral nervous disorder is the amplitude of sensory potential. The early change is
observed as the change in amplitude of sural nerve neural conduction test,
regardless of the types of disorders such as that of axon degenerating or
demyelination. Despite the appropriate temperature management, the distance of
sural nerve conduction is in the short distance of 13 to 14 cm, and the measurement
errors tend to be large. In case of sura J nerve conduction in human, the decrease of
velocity without the change in amplitude or the change in waveform has almost no
significant meaning.
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Appendix IV. Statistical Review of Weihua Li et al. (2010) Study

Department of Biostatistics, School of Public Health, University of Tokyo
Hongo 7, Bunkyo-ku, Tokyo 113 tel 81-3-D JJ Cfin niLJ fax 81-3-3814-2779

May 11, 2012

Carr J. Smith, Ph.D., DABT
Albemarle Corporation, Toxicology Advisor
Health, Safety & Environment
451 Florida Street, Baton Rouge, LA 70801-1765

Statistical Comments on the Paper by Li et al. (2010)

The paper by Li et al. (2010) concluded the neurotoxicity of 1-bromopropane based
on statistically significant dose-dependency from some neurological tests they
performed. From the professional viewpoints as a biostatistician, I raise the
following issues in the methodology and the analysis/interpretation of their paper.
1) Dose-response relationships between neurological tests (tibial motor DL, sural
NCV and vibration test in females) and 1-bromopropane exposure level, which are
the basis of their main conclusion, are not monotone (Table 3). In any of 3 tests, the
mean level of the highest exposure group returns to the level of the control group,
which poses a question on dose-dependent toxicity of the compound. Neither
statistically significant regression parameters (Table 5, 6) nor statistically significant
ANOVA results mean monotone dose-dependency.
As reasons of non-monotone dose-response relationship, three causes (hypotheses)
are usually suspected in toxicological research: pure random error due to small sample
sizes, saturation of effects and inaccurate dosimetry. Saturation of effects is not
plausible. Although the possibility of random error is not completely excluded,
underestimation of 1-bromopropane exposure suggested by the Letter to the Editor by
Smith et al. (2011) including oral and/or dermal absorption due to poor protection
from the environment is the plausible explanation.
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2) Only selected parameters are reported to have statistically significant "dosedependency". Multiplicity in statistical analysis of many endpoints raises the falsepositive association. Only female results are reported to be significant, which raises
another multiplicity problem (although gender differences are suggested in the
discussion part of the paper.)
3-1) Manual tuning fork measurements used to measure the decline of vibration sense
are prone to a high degree of variability. Relatively large standard deviations shown
in Table 3 (eg: 4.4 in the low-exposure group, which yields the high coefficient of
variation value as 4.4/5.6) suggest the existence of outliers. Outliers often produce
apparently (statistically-) significant association. Examination of outliers in raw data
and corresponding sensitivity analysis is absolutely necessary to confirm the
robustness of the results of Li et al. (2010) based on manual tuning fork
measurements.
(NOTE: Influence of outliers was examined by a computer simulation. The results will
be sent separately.)
3-2) Li et al. (20 l 0) reported the influence of neurologists on the measurements of
vibration loss. Although clearly not reported, neurologists should have known the
classification of case or control of subjects. Unblinded and non-standardi zed subjective
tuning fork measurements (by multiple neurologists) reduce the reliability of the
results. In passing, recent clinical trials that measure peripheral neuropathy in the toes
do not use the older, more variable manual tuning fork methods; manual tuning fork
vibration loss measurements have been replaced by newer, automated methods.
4) The 1.28 ppm lowest adverse effect level derived by Li et al. (20l 0) is only a
median level of the low exposure level and lacks the statistical reliance and precision
as a level used for some regulation.
5) I obtained following review comments on this paper by Li et al. (2010)
from a Japanese authority of neurophysiology. Here are the key points from
his review:

5-1) Measuring the length of perceived lasting vibration using 128 Hz tuning fork is
not reliable, and not recognized as quantitative measurements. The methodology used
in the paper is unusual.
5-2) Quality of electrophysiological tests in the paper is questionable. The mean
(6.7 ms) of tibial motor DL in the control group is extraordinarily high and
interpreted as a manifestation of severe nerve disorder.
5-3) Clinical significance of statistically significant findings in tibial motor DL and
sural NCV extension is poor.
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(NOTE: The entire report by the authority will be translated into English and
will
be sent separately.)

In conclusion, inherent variability of measurements especially that of tuning fork
measurements, unassured quality of electrophysiological tests, inability to evaluate
the quality of the raw data and inability to confirm the appropriateness of statistical
methods used for analysis of that raw data, render use of the 1.28 ppm as the lowest
adverse level inappropriate.
DDn0 Yasuo Ohashi, Ph.D.
e-mail: ohashi@epistat.m.u-tokyo.ac.jp

4

Appendix V Statistical consideration and results of a simulation study
on the vibration tuning fork data in the paper of Li et al.
(2010)
May 22, 2012
Yasuo Ohashi,
Ph.D. Professor of Department of
Biostatistics

1. Problem and methods
The validity of the main results by Li et al. (2010) that the minimum exposure level
of 1-BP which induces (mainly neurotoxic) adverse events is 1.28 ppm depends
heavily on the vibration tuning fork data. However, we cannot confirm the reliability
and robustness of the results by reanalyzing the original data because of their nonavailability.
Therefore I tried to estimate the distributional form of data by examination of summary
statistics and a computer simulation.

2. Results
2-1 Fitting of distribution to the control group data

The means ± standard deviations (SD) of the vibration tuning fork data listed in
Table.3 of Li et al. (2010) are
Control group: 2.9±3.9 (n=60), Minimum exposed group: 5.6±4.4 (n=20),
respectively.
The coefficients of variation (CV) are 1.345 and 0.786, respectively, which are so
different and, unusually, that of the exposed group with a larger mean is smaller than
that of the control group with a smaller mean. In a toxicology study, the variation
(expressed by SD) of biological response increases ordinarily as the corresponding
mean level increases with the exposure level. In passing, CV's have the constant
value in the log- normal distribution family with the same variance parameter, which
is often used for statistical modeling for biological response taking positive values.
For observations taking zero or positive values, the gamma distribution family
and/or the log-normal distribution family are typically (almost exclusively) used as
statistical models. Because the discrimination between two distribution families is
almost impossible from real (small-size) data, I assumed the log-normal distribution as
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a more (rightly) skewed distribution family and estimated the distribution parameters
by the moment method: the mean value (before log-transformation) is 0.549 and the
SD is
1.016 in the control group (the corresponding figures are 1.438 and 0.693 in the
minimum exposed group). As another distribution model with a small (right)
skewness, I assumed a normal distribution censored at zero and estimated the
distribution parameters
by the numerical integral: the mean value (before censoring) is 0.8 and the SD is
6.3.The fitting of left (at zero) censored distribution is plausible taking account of the
measurement protocol of vibration tuning fork described in Li et al. (2010).
The fitted log-normal and censored-normal distributions are shown in Fig. 1-1 and
Fig.
1-2, respectively. The skewness and kurtosis, which are indices of distribution, are
form1·
6.3 and 94 in the log-normal distribution, 1.5 and 1.8 in the censored-normal
distribution, respectively. These figures suggest the distribution of original data is
rightly skewed and prone to produce outliers. In addition, the upper value in the
measurement of vibration tuning fork is expected to exist from the protocol. (Both
log-normal and censored-normal
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distributions take infinity values in theory.) If the upper value is assumed as 15,
the skewness and kurtosis are 2.2 and 5.4 in the log-normal distribution, 1.3 and
0.8 in the censored-normal distribution, respectively.
Fig.2-1 and Fig.2-2 show the examples of sample distribution (sample size: 60) of
each distribution produced by simulation of random numbers. These distributional
forms and the magnitudes of skewness and/or kurtosis cast doubt on the validity of ttest and analysis of variance used in Li et al. (2010).

* 1.

Skewness indicates the degree of asymmetry (positive values correspond to
right skewness); the kurtosis indicates the tendency of producing outliers. If the
distribution deviates from the normal distribution, both indices become larger in
magnitude. If absolute values of both indices are greater than one, statistical
procedures based on the normality assumption (such as t-test and analysis of
variance) are often hazardous.
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Fig. 1-2 Fitted censored-normal distribution
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Fig.2-1 Sample distribution (log-normal distribution: n=60)
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Fig.2-2 Sample distribution (censored-normal distribution: n=60)
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2-2 Estimation of exposed-group distribution

As stated, the (minimum) exposed group has an almost same SD but a lager mean
value compared with the control group, which is unusual in studies. I tried to
estimate the distributional form of the minimum exposed group by a computer
simulation (with 1000 iterations in each setting). As illustrated in Fig. 3-1, neither the
censored-normal distribution with a few outliers with large variation (so-called
'slippage model' ) nor the outlier-mixture distribution can explain the phenomenon
described above, because both models imply larger SD's as well as larger mean
values for exposed groups (with outliers). The right-direction shift of a mean value
(as shown in Fig. 3-2, Fig. 3-3 and Fig. 3-4) and/or the same model with right
censoring at the ceiling value (as shown in Fig. 3-5) can explain the phenomenon.
As possible reasons for such a mean shift, not only toxic effects due to the exposure
but also contamination of measurement bias in the whole exposed groups are
hypothesized: the low quality level in the measurement of vibration tuning fork
pointed out by the expert report and the measurement protocol itself support the
latter hypothesis more strongly and the phenomenon that all exposed groups have the
almost same SD's and mean levels increases the plausibility of the hypothesis.
Even if the mean shift is a manifestation of the toxic effect, the estimated
probability that the control group distribution exceeds the mean value (5.6) of the
minimum exposed group are 12% (normal deviate: 1.155) under the log-normaldistribution and 22% (normal deviate: 0.762) under the censored-normal distribution,
respectively, which cannot be interpreted as 'abnormal' (see Fig. 1.1 and Fig. 2.1).
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Fig.3-1 Slippage model n=20; horizon axis=mean, vertical axis=SD
Censored-normal model including 2 outliers with SD of 3 times
larger
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Fig.3-3 Censored-normal model with right-shift of 3
:n=20; horizon axis=mean, vertical axis=SD
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Fig.3-4 Censored-normal model with right-shift of 5
,...., n=20; horizon axis= mean, vertical axis=SD
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Fig.3-5 Censored-normal model with right-shift of 5 and upper ceiling of
15 n=20; horizon axis=mean, vertical axis=SD
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2-3 Simulation of statistical tests

15

I conducted a simulation study of statistical test (t-test) between the control group and the
minimum exposed group under the censored-normal distribution (censored at zero
and at the right ceiling value) with a right mean shift. The results are shown in Table and the
rejection probability is high as expected.
Table

Statistical comparison between control group and minimum exposed group: rejection
probability (statistical power) of t-test (100,000 iterations)

Control group (n=60)0 censored-normal (upper ceiling of 15) with mean 0.8 and SD 6.3
Minimum exposed group (n=20[J:with right shift
Shift

Rejection probability Width of 95%confidence-interval

0
1
3
5

0.029
0.091
0.424
0.828

0.001
0.002
0.003
0.002

Note: rejection probability of shift 0 corresponds to (one-sided)
significance level and is approximately 0.025 in asymptotic theory

3. Conclusion
OThe distribution forms are supposed to differ greatly between the control group and the
exposed group, which cast a doubt on the reliability of the measurement of vibration tuning
fork.
nThe skewness and kurtosis of the control group distribution are supposed to be large.
Therefore, the interpretation of t-test and analysis of variance used in Li et al. (2010)
requires caution: the probability that the control-group distribution exceeds the mean level
of the (minimum) exposed group is estimated to be over 10%.
OThe statistical significance (in t-test and analysis of variance) between the control group
and the (minimum) exposed group is well explained by a mean shift to the right direction in
measurements of vibration tuning fork, which can be a measurement bias introduced to
measurements of all exposed groups.

