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Abstract

Background: Suicide is a problem worldwide and occupation is an important risk factor. In
the last decade, 55200 deaths in the US were attributed to.occupational risk factors.

Objective: To determine if toxic metal exposure was associated with suicide risk among
Paducah gaseous diffusion plant (PGDP) workers.

Methods: We assembled a cohort of 6 820mnuclear industry workers employed from 1952 to
2003. A job-specific exposure matrix (JEM) was used to determine metal exposure likelihood.
Uranium exposure was also assessed by urinalysis. All suicide/self-injury International Classi-
fication for Disease (ICD) codes were used to identify suicides. Standardized mortality ratios

(SMR), odds ratios (OR), and hazard ratios (HR) were used to estimate suicide risk.

Results: PGDP suicide victims typically were younger white men. Within exposure likelihood
categories, several suicide SMRs were typically elevated for several metals. Only beryllium
exposure likelihood was associated with an increased HR. Uranium urine concentration was
associated with an elevated suicide risk after stratification by urinalysis frequency.

Conclusion: Suicide risk is associated with uranium exposure.

KeyWOI'dS: Toxic; environmental toxic substances; JEM; Exposure assessment; Uranium;
Suicide; Atomic energy; Gaseous diffusion; Epidemiology; Proportional hazard

Introducion and occurring elsewhere) since 1992.4
Often the specific occupational factor(s)

uicide is a problem worldwide' and  elevating suicide risk is unclear because
occupation is an important risk fac- job titles,> specific careers,”® trades,>%*°
tor.2Inthelastdecade, 55 200deaths  or social classes within occupations3'*

in the US were attributed to occupational  are typically studied rather than work site
risk factors.23 The US Bureau of Labor sta-  toxic agent exposure. One explanation for
tistics classifies less than 0.5% of suicides  so few studies is a low suicide frequency at
as work-related (occurring at the work  work sites.* Another explanation is a lack
site, during work time, or related to work  of evidence that work site toxicants are as-
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sociated with increased suicide risk.>

Suicides related to toxic hazard expo-
sures are often more difficult to identify
because the toxic exposure may also oc-
cur outside the work site, the suicide may
be classified as non-work-related, or it
may be under-reported.+# In addition, if
a toxic chemical unique to the work site
is suspected, employers may not monitor
that agent. Metals are among the poten-
tial toxicants monitored and regulated at
nuclear industry work sites, some with the
potential to cause brain and/or mind dys-
functions.’s* Typically, workers involved
in uranium gaseous diffusion processing
may be routinely exposed to arsenic, lead,
mercury, nickel, and uranium. Paducah
gaseous diffusion plant (PGDP) workers,
in particular, were exposed to arsenic, be-
ryllium, chromium, nickel, and uranium,
all potentially neurotoxie.®® Arsenic ex-
posure induces Ca?* influx; axonopathy,
toxic delirium, and encephalopathy.’5'7:18
Chromium and mickel.exposure results in
disturbances in memory and concentra-
tion, affective changes, and sympathetic
nervous system symptoms such as erec-
tile dysfunetion;. dizziness, heat intoler-
ance, drymouth and eyes, urinary bladder
(incontinence) and bowel (constipation/
diarrhea) dysfunction. In a 2004 review,
Craft, et al, observed that human expo-
sureto uranium induced extra-pyramidal
symptoms (ataxia, nystagmus, peripheral
neuropathy) and poor neuro-cognitive
test performance.?° Craft, et al, also cited
investigations in which rats chronically
exposed to uranium showed significant
uranium accumulation in the cortex, cer-
ebellum, midbrain, and vermis as well as
electrophysiological changes in hippo-
campus neurons. In 2007, Kreiss, et al,
reviewed 75 journal articles addressing
beryllium hazards in the workplace and
found no neurotoxic hazards.*

Therefore, investigating potential work
site-specific toxicants associated with

suicide requires at least two things: 1) a
worker population exposed to the neu-
rotoxic or psychotoxic agents unique to
that workplace; and 2) strong stakeholder
support to conduct the investigation. The
PGDP worker cohort is such a cohort. Pa-
ducah Kentucky's residents, PGDP work-
ers, and government officials raised health
and safety concerns about PGDP toxic
hazard exposures. Initial studies empha-
sized polychlorinated biphenyl (PCB) ex-
posure and nearby wildlife.?> That effort
was followed by US Department of Energy
(DOE) funding to investigate morbidity
and mortality among PGDP workers em-
ployed there from 1952 to 2003.22 Among
the mortal events to receive attention was
suicide. Recently, Aldrich, et al, using a
retrospective cohort design, observed ele-
vated suicide risk among 754 PGDP work-
ers who were compared to two internal
standard populations. Exposed workers
were employed only during the plant's re-
fitting years—1975 to 1979.24 Investigators
used a job-specific exposure matrix (JEM)
to ascertain worker exposures. In addition,
Aldrich, et al, created time-dependent, di-
chotomized exposure categories of “ever”
or “only worked” during the “refitting”
years. Aldrich, et al, observed elevated sui-
cide risk, but concluded that the elevated
risk was not due to workplace metal expo-
sure.

Below, we reexamine the PGDP worker
cohort, focusing on suicides and potential
JEM exposure misclassification error.

Among the nuclear industry studies
basing their risk estimates on standard-
ized mortality ratios (SMRs), suicide mor-
tality is inconsistently reported. For ex-
ample, Godbold and coworkers reported
SMRs among 814 nickel-exposed “barrier
workers” employed at the Oak Ridge gas-
eous diffusion plant in Oak Ridge, Ten-
nessee, USA, but suicide excess was not
reported.?s Conversely, Polednak reported
suicide excess (SMR=1.67; 95% CI: 0.79—
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3.02) among 1059 white, male welders
exposed to uranium, fluoride, lead, nick-
el, mercury, chromium, and technecium
at three Oak Ridge plants from 1943 to
1977.2¢ Subsequently, Frome, et al, report-
ed an SMR of 0.93 among 106 020 nuclear
industry workers in Oak Ridge, Tennessee,
employed between 1943 and 1985.% In
another investigation, National Institute
for Occupational Health (NIOSH) inves-
tigators reported a suicide SMR of 0.6.28
Unfortunately, SMRs frequently underes-
timate mortality risk because employed
populations are typically healthier than
the general population. Since the above in-
vestigators used SMRs to assess risk, sui-
cide risk may have been underestimated.

To address these concerns, we empha-
sized case ascertainment, an appropriate
comparison group, exposure assessment,
and the impact of unmeasured confound-
ing. Next, we used proportional hazards
regression® in addition to SMRs, because
hazard ratios compare hazard rates:(risk)
between the exposed and unexposed:in
the same employed cohort. In addition, we
looked at the JEM's potential for exposure
misclassification. Finally, we“evaluated
the impact of an unmeasured confounder
(i.e., mental illness prevalence) on the as-
sociation between specific metal exposure
and suicide risk.

Although the JEM was used to assess
all metal exposure in prior PGDP stud-
ies,?#3° yranium urine concentration was
also used to assess uranium internal dose.
Furthermore, PGDP JEM exposure clas-
sifications were based on an ordinal scale.
In contrast, uranium urinalyses were
based on an interval scale. We additionally
examined agreement between the JEM's
uranium exposure categories on an ordi-
nal scale with urine uranium concentra-
tions on an interval scale—assuming that
urine uranium concentration was a more
valid, internal dose, exposure measure.

Typically, urines were monitored from

a single void, but their frequency var-
ied. For example, chemical operators and
maintenance mechanic urines were moni-
tored monthly. Other workers were moni-
tored quarterly. Non-uranium area work-
ers were monitored annually. Frequency
was also influenced by the analytic meth-
od's sensitivity, solubility of the uranium,
and administrative or regulatory require-
ments to limit a worker's dose. Uranium
aerosol size and solubility influence its in
vitro transport. If insoluble, aerosols may
remain in the langs for.up to 16 years.3
However, once in-the blood stream, ura-
nium is excreted in a few days—60% in the
first 24 hours.

We conducted this study to determine
if a suicide risk was associated with arse-
nic, beryllium, chromium, nickel, and/or
uraniumeexposure among PGDP workers.

Materials and Methods

Study cohort

Investigators assembled a dynamic, ret-
rospective cohort of all PGDP workers
employed for 30 or more days from Sep-
tember 1, 1952 to December 31, 2003. Per-
son-time accrued from the worker's initial
hiring date to their death or December 31,
2004. The PGDP is located on 3425-acres
near Paducah, Kentucky, USA. It was built
in the early 1950s to process uranium. Al-
though owned by the US Department of
Energy (DOE), since construction the fa-
cility was leased to Union Carbide (1950—
1984), Martin Marietta (1984—1995), and
Lockheed Martin Utilities Services (1995—
2005).32

Briefly, 6859 worker files were assem-
bled from DOE contractors, unions, and
Oak Ridge affiliated universities.33 No-
sologists used state vital records agency
death certificates to verify the vital status
of workers dying before 1980. National
Death Index (NDI) queries were used to
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TAKE-HOME MESSAGE

e Many factors such as employment sta-
tus, income, religiosity, marital status,
illness, and loss of a family member,
are associated with suicide.

e Occupation also is an important risk
factor for suicide. Less than 0.5% of
suicides are work-related (occurring
at the work site, during work time, or
related to work and occurring else-
where).

e Suicides related to toxic hazard expo-
sures are often more difficult to identify
because the toxic exposure may also
occur outside the work site, the suicide
may be classified as non-work-related,
or it may be under-reported.

e Metals are among the potential toxi-
cants monitored and regulated at nu-
clear industry work sites, some with
the potential to cause brain and/or
mind dysfunctions.

e Workers involved in uranium gaseous
diffusion processing may be routinely
exposed to arsenic, lead, mercury,
nickel, and uranium.

e Human exposure to uranium induces
extra-pyramidal symptoms (ataxia,
nystagmus, peripheral neuropathy)
and poor neuro-cognitive test perfor-
mance.

e Suicide risk is associated with uranium
exposure.

verify post-1979 deaths. The vital status
of two workers was undetermined. Thirty-
nine worker files were duplicates.3® The
final analysis file contained 6820 workers.
Suicide morality was followed until De-
cember 31, 2004.

Exposure assessment

Job exposure matrix: We further
modified the metal exposure assessments
methods described by Chan, et als3°
Briefly, all job titles were grouped,
ranked for specific metal exposures, and
consolidated using worker interviews,
plant_production records, and job site
maps.3* Metal exposure rankings were
based. on qualitative and quantitative
factors such as environmental monitoring
data, location of plant processes, and
interviews with long-term  workers.
Company representatives and long-term
workers reviewed job titles and were
asked to comment on whether each job
title would have less, the same, or more
exposure than another job title. Rankings
(categories) ranged from zero to five with
zero representing “no exposure expected”
and five the “most exposure expected.”
Rankings were categorical and unrelated
to a quantitative exposure intensity
(concentration) or dose. Therefore,
exposure rankings for a unique metal
were not additive or multiplicative (i.e.,
a category ‘2’ exposure ranking was not
twice a category ‘1’ exposure ranking),
thus, inter-rank comparisons were invalid.
Categories ‘0’and ‘1’ were combined for this
analysis. Arsenic, hexavalent chromium,
nickel, beryllium, and uranium exposure
categories were tabulated to construct
a study-specific, job exposure matrix
(JEM) by modifying methods described
elsewhere.3* Discrete exposure ranking
categories ranging from zero to five were
entered into each unique metal (row)/job-
title (column) cell. More than one ranking
was allowed per cell in the JEM to account
for changes in plant processes over time.
A supplemental table provided additional
ranking information.34

Using the JEM, each worker was as-
signed an expected metal exposure cat-
egory for each job-title during the work-
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er's job history. When a worker's job title
changed, the expected exposure category
for each metal also changed. Follow-up
was based on actual time employed. For
uranium, the JEM algorithm was applied
during periods in which workers held jobs
that did not require uranium urinalysis
(see Uranium urinalyses below).

A detailed description of the JEM is de-
scribed elsewhere.34

Uranium urinalyses: Each worker
provided a single void urine specimen
for job title-specific uranium exposure
monitoring. Uranium urine concentration
(ug/L) was recorded as a “yearly” mean.
Urinalysis frequency was job title- and
program-specific. Workers could have
several yearly means recorded per calendar
year. For example, a worker with one job
title during the calendar year might have
one yearly mean recorded. A worker with
two job titles during the calendar year,
would have at least two means recorded—
one for each job title, and so on. Additional
urine yearly means could be recorded
because of specific program requirements.

Urinalysis cohorts: There ‘were 21
urinalysis cohorts that contained workers
who committed suicide. Urine Cohort 1
included only the first urinalysis® of all
workers. Urine Cohort 2.included the
second urinalysis ‘ofrall workers. Urine
Cohort 3 contained the third urinalysis
of all workers, and so on. Urinalysis
cohorts were divided ‘into dichotomous
concentration categories. “High”
represented urines with uranium “yearly”
means greater than the cohort median, and
“Low” represented urines with uranium
“yearly” means less than or equal to the
cohort median. Urine cohorts were neither
period- nor job-specific. For example,
Cohort 1 contained the first urinalysis of
all workers, regardless of urinalysis year,
the year hired, or job tile. We analyzed 15
urinalysis cohorts. Arbitrarily, we report
the results for the 1%, 5%, 10%, and 15" yearly

mean estimate since the overall pattern (a
progressively lower yearly mean than the
previous yearly mean) was consistent for
workers who committed suicide and those
who did not.

Case ascertainment

All death certificates with “Underlying
Cause of Death” (UCD) fields eontaining
International Classification for Disease
(ICD) codes E963, E970-E979/(ICD-6 &
ICD-7), or codes E950-E959 (ICD-8), or
codes E950-E952, Eg952.0, E953, E953.0-
E953-9, E954, E954.0-E954.9, E955.0-
E955.9, E956, E957.0-E957-9, E958.0,
E958.1-E959.9, E976 (ICD-9), or codes
X60-X69, X70, X71, X72-X74.9, X75-
X77, X78,X79, X80-X81, X82-X84, Y87.0
(ICD-10) were considered “suicide/self in-
jury” cases.3®

Statistical analysis

v2,'erude and adjusted odds ratios (ORs)
with 95% confidence interval (CI), and
crude and adjusted Cox proportional haz-
ard statistics with 95% CI were estimated
where appropriate.3%37:29

Standardized mortality ratios (SMRs)
were determined by applying 1977 age-
specific US suicide rates to person-years
accumulated from September 1, 1952 to
December 31, 2004,2® as 1977 US suicide
rates are the approximate midpoint be-
tween January 1953 and December 2004.

Hazard ratios (HRs) were assessed us-
ing proportional hazard regressions® us-
ing STATA™ 10.1 Statistics/Data Anal-
ysis Special Edition (StataCorp, 4905
Lakeway Drive, College Station, TX 77845
USA). Hazard ratios were adjusted for
confounding variables in two ways. First,
HRs were calculated using fixed-covariate
(time-independent) models,? then cal-
culated using variable-covariate (time-
dependent) models.?* Unless otherwise
indicated, all HRs were calculated using
fixed-covariate models. Follow-up time
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was based on actual time employed and
accrued in a specific exposure likelihood
category. Females were omitted from the
final model because there were only two
(5.0%) female suicides.

Cohen's k was used to determine agree-
ment between the JEM and uranium uri-
nalysis.* The JEM was recoded as High,
and Low;, . Highjem included original JEM
categories 4 and 5. Low,, . contained the
remainder. Similarly, the uranium urinal-
yses were recoded as High and Low
as described earlier (see Exposure assess-
ment). Although exposure likelihood and
internal dose are not equivalent exposure
measures and represent ordinal (and in-
terval scales, respectively, we assessed the
JEM's sensitivity and specificity using uri-
nalysis categories as our “gold standard.”

Probabilistic sensitivity analyses. were
used to assess the effects.of unmeasured
confounding due to prevalent mental ill-
ness.* We assumed a 20% prevalence of
all mental illnesses and.a 5.4% prevalence
of severe mental illnesses (in combina-
tion) among PDGP workers.+

Institutional review board (IRB) approval

The PDGP, University of Louisville, Uni-
versity of Kentucky, and University of
Cincinnati IRB annually approved all data
collection methods and verified investiga-
tor training to conduct ethical scientific
investigations. Consent to collect worker
information was obtained from employers
and employee union representatives.

Results

Six-thousand eight-hundred and twenty
PGDP workers accrued 111 310.25 person-
years at risk of exposure ranging from 0.50
to 45.0 person-years per worker. The per-
capita person-years at risk of exposure was
16.3 person-years. There were 1634 total
deaths. Forty were classified as suicide/in-
tentional injury. The first suicide occurred

December 7, 1957; the last occurred Octo-
ber 12, 2002. PGDP workers initially hired
as chemical operators (n=1223 or 17.9% of
all workers) accounted for 12 (30%) of all
40 suicides. Thirty-two percent (n=2174)
of all PGDP workers were initially hired in
maintenance categories and accounted for
11 (28%) of the 40 suicides. PGDP workers
initially hired in engineering categories
(n=608, or 8.9% of all workers) account-
ed for three (8%) of all suicides. PGDP
workers initially hired as security workers
(n=300 or 4.4% of all workers) accounted
for five (13%) of all suicides. Except for
chemical operators and security work-
ers, suicide prevalence was approximately
proportional to the number of workers in
all other job title groups.

Table 1 compares the means or fre-
quency distribution of demographic and
exposure characteristics between work-
ers committing suicide and those who did
not commit suicide. Workers committing
suicide typically were younger, white men
who accrued less person-time than work-
ers who did not commit suicide. With the
exception of likely arsenic exposure, work-
ers committing suicide spent a significant-
ly larger proportion of their time at the
highest likely metal exposure category. In
addition, the proportion of workers com-
mitting suicide was higher among the high
uranium urinalysis cohort categories than
workers not committing suicide (Table 1).

A further comparison of job exposure
categories by PGDP workers committing
suicide vs. workers not committing sui-
cide by exposure category indicated that
the distributions of suicide victims among
several job exposure categories (chro-
mium, uranium, and trichloroethylene
[TCE]) were probably not chance events
and probably higher than expected (not
shown). TCE exposure was included be-
cause it was available and has recognized
central nervous system effects.

An analysis of suicide mortality excess

www.theijoem.com Vol 2 Number4;/Ocicker, 2011
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Table 1: A comparison of the mean and proportional differences of important traits and exposures
between workers committing suicide and those who did not.

Population Trait

Suicide
Person-yrs (mean) 8.7
Age (mean) 50.8
Gender female (%) 5
African-American race (%) <1
Proportion of total person-time
with highest likelihood of:
Arsenic exposure (%) 36
Beryllium exposure (%) 73
Chromium exposure (%) 70
Nickel exposure (%) 73
Uranium exposure (%) 73
TCE exposure (%) 71
Greater than the median urine
uranium concentration
18t Urinalysis Cohort 1 (%) 40.0
5t Urinalysis Cohort 5 (%) 77.5
10" Urinalysis Cohort 10 (%) 87.5
15" Urinalysis Cohort 15 (%) 97.5

Workers Committing Workers Not Committing

Suicide PUEIE
16.4 0.01
68.3" <0.001
18 0.03

1
32 <0.001
44¢ <0.001
29¢ <0.001
44¢ <0.001
444 <0.001
33¢ <0.001
39.9 NS*
60.1° 0.03
70.4° 0.03
77.4° 0.002

‘NS: Not significant; 2Student's t test=2.7; °Student's t test=8.01; °Mantel-Haenszel y>=4.70, df=1; 9Z statistic=3.68;
°Mantel-Haenszel ?=5.02, df=1; Mantel-Haenszel ¥?=9.21, df=1

and risk is presented in Table 2. SMRs,
using 1977 US suiciderates, showed a sig-
nificant, two-fold overall excess of suicide
deaths among PGDP workers exposed to
any metal compared to 1977 US standard
population suicide rates. Further SMR
analyses, stratifying by likely job exposure
category, revealed several significant sui-
cide excesses among workers. For example,
workers with arsenic exposure likelihoods
1and 2, or beryllium exposure likelihood 5,
or nickel exposure likelihoods 1 and 5, or
uranium exposure likelihoods 2 and 5, or
TCE exposure likelihoods 2 and 5 demon-
strated excess suicides. As expected, there
were no intra-category SMR trends be-
cause the exposure categories are nominal

and not interval (see Exposure assessment
section). Suicide HR analysis, adjusted
for “any metal” exposure, TCE exposure
likelihood, age, and race was not elevat-
ed (HR=0.9; 95% CI: 0.7-1.2). Suicide
HR analysis revealed no statistically sig-
nificant increase in suicide risk for work-
ers with a varied history of likely arsenic,
chromium, nickel, or uranium exposures
compared to workers with no such histo-
ry—adjusting for age, race, likely exposure
to TCE, and the potential “confounder”
metals. Only among workers with a var-
ied history of likely beryllium exposures
was suicide risk elevated (HR=2.6; 95%
CI: 0.9-7.9) compared to workers with
no such beryllium history—adjusting for
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Table 2: Likely exposure category by observed suicides, expected suicides, standardized mor-
tality ratio (SMR), and hazard ratio (HR).

Exposure likelihood Observed Expected SMR (95% CI) HR (95% CI)
Any metal* 39 18.71 2.1 (1.4-2.7) 0.9 (0.7-1.2)t
Arsenic 0.7 (0.4-1.0)
1 9 2.84 3.2 (1.1-5.2)
2 6 4.96 1.2 (0.2-2.2)
3 12 4.22 2.8 (1.2-4.5)
4 1 0.97 1.0 (0.0-3.1)
5 8 6.80 1.2 (0.4-2.0)
Beryllium 2.3 (0.5-8.0)
1 10 5.48 1.8 (0.7-2.9)
2 7 3.34 2.0 (0.5-3.6)
3 2 0.95 2.1 (0 0-5.0)
4 0 0.62
5 19 9.34 2.0 (1 .1-2.9)
Chromium 0.7 (0.4-1.3)
1 15 7.29 2.1 (1.0-3.1)
2 4 1.51 2.7 (0.1-5.2)
3 0 0.00 0.0
4 5 4.20 1.2 (0.2-2.2)
5 14 6.78 2.1 (1.0-3.2)
Nickel 0.9 (0.6-1.3)
1 13 6.28 2.1 (1.0-3.2)
2 8 2.90 1.0 (0.8-1.2)
3 0 0.00 0.0
4 1 4.19 0.2 (0.5-1.5)
B 19 9.40 2.0 (1.1-2.9)
Uranium 0.9 (0.4-2.0)
1 10 5.97 1.7 (0.3-2.7)
2 6 2.05 2.9 (1.7-4.1)
3 2 0.74 2.7 (0.0-6.4)
4 1 1.62 0.6 (0.0-1.8)
5 19 9.40 2.0 (1.1-2.9)
TCE 0.9 (0.6-1.3)
1 6 1.35 4.4 (0.9-8.0)
2 14 2.56 5.5 (3.7-7.2)
3 1 0.66 1.5 (-1.4-4.5)
4 1 1.48 0.7 (-0.6-2.0)
5 16 4.80 3.3 (1.7-5.0)
*Any Metal is dichotomous: No exposure=likelihood 1, any metal exposure=likelihoods 2—-5
TAdjusted for TCE likelihoods, age and race
age, race, and likely exposure to arsenic, Since there was plausible evidence that

chromium, nickel, uranium, and TCE. arsenic, chromium, nickel, and uranium
However, a history of likely beryllium ex- were neurotoxic and psychotoxic, we pur-
posure approached the null (HR=1.1; 95%  sued additional risk analyses associated
CI: 0.9—1.2) in the time-dependent model. ~ with these metals using time-dependent
A global test of nonproportional-hazards**  models (data not shown). Using time-
of our model was not significant (p=0.67). dependent covariate models in which age,
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Table 3: Agreement between job exposure matrix (JEM) Uranium Exposure Likelihoods and Urine
Uranium Concentration Categories by Uranium Urinalysis Cohort.

Urine Cohort 1: All 1%t Urinalysis Percent agreement

JEM Categories High, Low, _ Kappa (Expected)
High,,, 1499 1345 0.126 61.74
Low,,, 1228 2745 (56.26)
Total* 2727 4090

Urine Cohort 5: All 5" Urinalysis

High Low,
High,, . 2096 751 0.113 49.97
Low,,, 2010 1963 (43.63)
Total 4106 2714

Urine Cohort 10: All 10* Urinalysis

High Low
High, . 2317 530 0.110 44.09
Low,, 2492 1481 (37.19)
Total 4809 2011

Urine Cohort 15: All 15® Urinalysis

High Low,
High,, 2410 437 0.091 38.90
Low,,, 2877 1096 (32.81)
Total 5287 1533

All Urines Unstratified

High Low,
High,,, 1252 28 0.4693 76.20
Low,,, 1595 3945 (55.16)
Total 2847 3973

High._: Original JEM categories 4 and 5; Lowjem: Original JEM categories 0-3

jem”

High, . Urine yearly means > median; Low : Urine yearly means < median

urn®

Kappa: Cohen's k = (p-p_ )/ 1-p,), where p is the proportion in agreement and p, is the proportion expected to agree by chance.*

race, and the exposure of interest were  of 1.0 to 1.2.

fixed, we observed no increase in suicide Overall, there were 119474 uranium
mortality risk when the other exposure urine yearly means recorded—about 18
covariates were allowed to continuously = per worker. Estimated concentrations
vary with respect to time.?° Typically, HRs  ranged from zero to 2900 ng/L. The over-
ranged from 0.8 to 1.0 with 95% CI lower  all median was 3.5 ng/L.

limit of 0.7 to 0.9 and 95% CI upper limit There was weak agreement (Cohen's x)
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Table 4: Suicide odds ratios (ORs) and hazard ratios (HRs) by dichotomous urine uranium con-
centration and JEM Uranium Exposure Likelihood Categories.

Uranium Categories Suicide No Suicide OR (95% CI) HR (95% CI)

All Urinalyses

High 18 3399 0.8 (0.4-1.5)* 1.1 (0.5-2.2)*
Low 22 3381 0.8 (0.4-1.7)t

Total 40 6780

18t Urinalysis (Cohort 1)
High 16 2711 1.0 (0.5-1.9)* 1.2 (0.6-2.3)8
Low 24 4069 0.8 (0.4-1.6)t

Total 40 6780

5% Urinalysis (Cohort 5)
High 31 4075 2.3 (1.1-4.8)* 2.7 (1.2-6.1)8
Low 9 2705 1.7 (0.8-3.9)t

Total 40 6780

10" Urinalysis (Cohort 10)
High 35 4774 2.9 (1.2-7.5)* 3.6 (1.4-9.7)3
Low 5 2006 1.6 (0.6—4.5)"

Total 40 6780

15™ Urinalysis (Cohort 15)
High 39 5248 11.4 (1.6-82.9)* 9.1 (1.2-66.9)8
Low 1 1532 4.4 (0.6-32.2)t

Total 40 6780

JEM Category
High exposure likelihood 22 2825 1.4 (0.7-2.7)* 1.1 (0.5-2.5)
Low exposure likelihood 18 3955 1.3 (0.6-2.7)t

Total 40 6780

A “High” urine uranium concentration is greater than the median concentration of all workers.
A “High” exposure likelihood is equal to likelihood categories 4 or 5.
*Adjusted for age; fAdjusted for age, race, and TCE exposure categories. SAdjusted for age, race, and TCE.

between the JEM's high/low uranium ex- trations ranged from 0.0 to 259 ug/L with
posure likelihood categories and the urani- a median of 3.7 ug/L for workers in Urinal-
um urinalysis cohort high/low categories  ysis Cohort 1. In Urinalysis Cohort 5 ura-
(Table 3). Uranium yearly mean concen- nium yearly mean concentrations ranged
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from 0.0 to 2900 pug/L with a median of
3.5 ug/L. In Urinalysis Cohort 10 uranium
yearly mean concentrations ranged from
0.0 to 404.3 ug/L with a median of 1.0
pg/L. Uranium yearly mean concentra-
tions ranged from 0.0 to 774.2 pg/L with
a median of 0.0 ug/L for workers in the
Urinalysis Cohort 15. We observed slight
agreement (k=0.126, 0.113, 0.110, 0.091)
between the JEM and Urinalysis Cohorts
1 to 15, respectively. When the JEM's di-
chotomous categories were compared to
dichotomous categories of the cohort's
median uranium urine level, we observed
moderate agreement (k=0.470).

Using uranium urine measurements
as the “gold standard,” we estimated the
JEM's sensitivity and specificity (or inter-
method reliability). In Urinalysis Cohort
1, the JEM had low sensitivity (0.40; 95%
CI: 0.39—-0.41) or ability to assign high
exposure likelihood to workers with high
(>median) urine uranium measurements,
but had only moderate specificity {0.60;
95% CI: 0.43—0.75) or ability to assign a
low exposure likelihood to workersiwith
low (<median) urine uranium measure-
ments. In Urinalysis Cohort 5, the.JEM
had a slightly higher sensitivity (0.60; 95%
CI: 0.59—0.61), but an even lower specific-
ity (0.23; 95% CI: 0.11—0.39). In Urinaly-
sis Cohort 10, the JEM had even higher
sensitivity (0.70; 95% CI: 0.69—0.72), but
an even lower specificity (0.13; 95% CI:
0.05-0.28). In uranium Urinalysis Cohort
15, the JEM was most sensitive (0.77; 95%
CI: 0.76—0.78) and least specific (0.03;
95% CI: 0.00—0.15).

Table 4 compares suicide ORs and HRs
when uranium exposure was assessed us-
ing high/low urine analysis and JEM cate-
gories. High urine uranium concentration
was associated with increased suicide risk
estimates. High JEM-derived uranium
exposure likelihoods were not associated
with higher suicide risk estimates. Esti-
mated suicide risk increased as urine year-

ly mean frequency increased (i.e., from
urine Cohort 1to Cohort 15), but this trend
was not statistically significant in a linear
test (p=0.08; slope not equal to zero) or
a nonparametric trend test across ordered
groups (p=0.08). The median uranium
urine concentration decreased from 4.3,
to 4.1, to 3.9, and finally 3.7 ug/L for the
1%, 5™ 10, and 15" urinalysis, respectively.

Discussion

Overall, the suicide mortality among met-
al-exposed workerswas twice the expected
mortality (SMR=2.1; 95% CI: 1.4-2.7) of
the general population standard (Table 2).
In addition; several metal-specific expo-
sure likelihoods had higher than expected
suicide deaths. This is in contrast to our
proportional hazards regression analysis
(Table 2) that indicates no elevated sui-
cide mortality risk when toxic metal ex-
posed workers are compared with PGDP
peers who were not exposed. In the dis-
cussion below we examine these contrast-
ing estimates.

First, SMR estimates frequently show
no mortality excess when the employed co-
hort is compared to a standard population
(healthy worker effect).4+ A significantly
elevated suicide SMR suggests that when
an increased mortality risk is observed,
the exposure/mortality association is suf-
ficient to overcome any healthy worker
bias derived from hiring “healthier” work-
ers. In contrast, the overall HR estimates
suggest no increased mortality risk associ-
ated with toxic metal exposure (Table 2).
However, the SMR estimates were expo-
sure level-specific without accounting for
the exposure categories of the other met-
als. In contrast, the HR is an estimate that
accounts for all other exposure likelihoods.

Next, other than differences in the
comparison groups, the differences be-
tween the two estimates may be linked to
exposure misclassification. Note that our
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attempts to validate JEM uranium catego-
ries with uranium urinalysis categories
suggested that the two methods differed
in classifying worker uranium exposure. It
is also likely that the two methods (JEM
vs. urinalysis) redistribute person-years
differently resulting in disparate risk es-
timates. It is also likely that the assump-
tions made to derive the SMR or HR were
violated and were inappropriate for this
analysis. For example, proportional haz-
ards regression assumes that hazards are
proportional between events. If this as-
sumption is violated, it suggests that the
chosen model is inappropriate. However,
we tested our model for nonpropertional
hazards and found that the assumption
is not violated in this instance (p=0:062)
suggesting that our model is appropriate.

Still, with the exception of likely beryl-
lium exposure, HR estimates were near or
below 1.0 (Table 2).

Another reason why the SMR and HR
estimates differed is'that likely metal ex-
posure categories. confound mortality
risk estimates,€ven though some metals
may fail as elassic eonfounders (related
to both metal exposure and suicide out-
comes).* Sincearsenic is routinely found
in our/drinking water, some exposure oc-
curs among PGDP workers and the gen-
eral population. The question is whether
food'and drinking water exposures are of
the same duration and intensity as those
experienced on the job. More important,
it is unlikely that beryllium, chromium,
nickel, and uranium are routinely encoun-
tered in the general population at levels
comparable to the PGDP workplace. Toxic
metal exposure must also indicate a path-
way to suicide outcomes2! to confound
suicide risk estimates. Clearly, our SMR
estimates are adjusted for age/exposure-
specific strata, but not at the level of so-
phistication and convenience we also were
able to adjust using proportional hazards
regression. Adjusting for the few demo-

graphic and other exposure likelihoods
suggested a null exposure/mortality asso-
ciation prior to stratification by urinalysis
cohort (or indirectly urinalysis frequency).
Using the data available, it was apparent
that repeated uranium urine monitoring
clearly had three effects on suicide mor-
tality HR estimates. First, the percent
agreement between the JEM and uranium
urinalysis categories increased (Table 3).
Second, the‘association between uranium
exposure and suicide strengthened (Table
4). Finally, JEM sensitivity increased and
specificity decreased (Table 4). The lat-
tertwo observations can be explained, in
part by a fall in urine cohort yearly me-
dians. However, the increase in percent
agreement may also reflect a worker's con-
scious preparation prior to each urinaly-
sis, a learned awareness of how to avoid
hazards over time, and the consequences
(health, loss of pay, termination) of re-
peated overexposure to hazards. Since re-
peated urinalyses (i.e., urinalysis cohorts)
show a nearly monotonic rise in mortality
risk by cohort, it is likely that proportional
hazards regression estimates in Table 2
are confounded by membership in urinal-
ysis cohorts. Once adjusted for urinalysis
cohort, an elevated suicide mortality risk
is observed.

How do our estimates compare with
previous reports? Aldrich, et al,** observed
an elevated suicide mortality risk but con-
cluded that it was not “due to PGDP em-
ployment exposures to metal dust.” We see
distinct differences between the two stud-
ies. First, we used indirect standardization
based on the 1977 US standard population
suicide rates to calculate SMRs. In contrast,
Aldrich, et al, used direct standardization
using internal populations standards to
generate SMRs. Second, we counter with
HRs to address indirect standardization
weaknesses. Third, we identified and used
40 suicides. Aldrich, et al, reported only
11. Fourth, Aldrich, et al, based their ex-
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posure assessment observations solely on
the JEM. Fifth, the JEM agreed poorly
with urinalysis categories based on actual
urine levels (Table 3). Sixth, ordinal scale
measurement errors impact exposure/dis-
ease associations differently than interval
scale measurement errors.* Finally and
most important, by focusing on the PG-
DP's refitting interval between 1975 and
1979, Aldrich, et al, differentially assessed
suicide cases. As indicated earlier, nosolo-
gists examined death certificates alone to
ascertain all “cases” occurring before 1980.
After 1979, case ascertainment included
the NDI (see Methods). Thus, nosologists
used death certificates alone for workers
during the refitting (exposed), but used
death certificates and NDI methods for
workers after the refitting (unexposed).
The added impact of NDI-ascertained cas-
es is well documented+4® and leaves the
lack of association reported by Aldrich, et
al, unresolved.

Still we lacked important socielogie
data about factors that disrupt sociallife
routines (i.e., employment status, income,
religiosity, marital status, illness, and
loss of a family member) and. their preva-
lence.+5° Instead of estimating eachfactor
associated with suicide, we used. sensitiv-
ity analyses# to assess the effect of preva-
lent mental illness, ansimportant unmea-
sured confounder. We used a prevalence
of 20% for all mental illness and 5.7% for
severe mental illness among PGDP work-
ers? assuming that mental illness is re-
sponsible for a suicide mortality risk of 1.5.
As a result, our sensitivity analysis low-
ered the HR from 2.7 to 1.9 assuming 20%
prevalent mental illness in the 5% urinaly-
sis cohort—as an example. This estimate
was also lowered to an HR of 1.8 assuming
a 5.7% severe mental illness prevalence.
Therefore, it is likely that the risk of sui-
cide mortality among PGDP workers fol-
lowing uranium exposure is approximate-
ly two fold instead of nearly three fold in

the 5™ urinalysis cohort (Table 4). Overall,
adjusting for mental illness would have
lowered suicide risk one fold among work-
ers exposed to uranium.

Finally, differences in estimates can be
the result of study strengths and weak-
nesses. Among our study's strengths are
cohort size (6820 workers), a thorough
case ascertainment, use’of proportional
hazard analyses to ensure peer-to-peer
comparisons, use of urinalyses to assess
the validity of uranium exposure likeli-
hood categories, and use of methods to
assess the impact” of unmeasured con-
founders on suicide risk. Important weak-
nesses include exposure measurement
error associated with the JEM and signifi-
cant systematic bias leading to exposure
misclassification. In addition, the study
lacked primary sociologic data on factors
that may confound or modify the effect of
toxic metal-induced psychopathology and
suicide.

Clearly, policies supporting research on
toxic metal hazards in the workplace and
suicide risk are necessary and should be
linked to the confounding influences of
community-based suicide risk factors.>53
This study demonstrates the difficulty in
assessing mortality risk when the relation-
ship between exposure and disease is not
clearly understood. We further believe
that the study demonstrates the impor-
tance of metal bio-monitoring programs,
regardless of their demonstrated neuro-
toxicity. The policy implications suggest
that “safe” levels should be periodically
re-evaluated for outcomes not previously
associated with exposure.

Acknowledgements

We thank Drs. Steven R. Browning and
Wayne T. Sanderson, Department of
Epidemiology, College of Public Health,
University of Kentucky for comment and
suggestions. This research was funded by

www.theijoem.com Vol 2 Number 4; October, 2011



Suicide Risk following Toxic Metal Exposure

the “Health Effects of Occupational Expo-
sures in Paducah Gaseous Diffusion Plant
workers, a study of the National Institute
for Occupational Safety and Health:” Ro1-
OH-007650.

Conflicts of Interest: None declared.

Funding: US National Institute for
Occupational Safety and Health (Ro1-
OH-007650)

References

1. Hawton K, van Heeringen K, Hawton K, van Heerin-
gen K. Suicide. Lancet 2009;373:1372-81.

2. Steenland K, Burnett C, Lalich N, et al. Dying for
work: The magnitude of US mortality from se-
lected causes of death associated with occupation.
Am J Ind Med 2003;43:461-82.

3. Steenland K, Halperin W, Hu S, Walker JT. Deaths
due to injuries among employed adults: the effects
of socioeconomic class. Epidemiology 2003;14:74-
9.

4. US Bureau of Labor Statistics. Occupational Sui-
cides: Census of Fatal Occupational Injuries; Fact
Sheet. United States Bureau of Labor Statistics,
2009. 2010. Available from www.bls.gov/iif/
oshwec/cfoifosar0010.pdf. (Accessed October 16,
2010).

5. Mustard CA, Bielecky A, Etches J, et al. Suicide
mortality by occupation in Canada, 1991-2001.
Canadian Journal of Psychiatry - Revue Canadienne
de Psychiatrie 2010;55:369-76.

6. Meltzer H, Griffiths C, Brock A, et al. Patterns of
suicide by occupation in England and Wales: 2001-
2005. British Journal of Psychiatry 2008;193:73-6.

7. Mahon MJ, Tobin JP, Cusack DA, et al. Suicide
among regular-duty military personnel: a retro-
spective case-control study of occupation-specific
risk factors for workplace suicide. American Jour-
nal of Psychiatry 2005;162:1688-96.

8. Stein GM, Stein GM. Challenging the myth of
the suicide-prone dentist. Northwest Dentistry
2004;83:35-8.

9. Steenland K, Palu S. Cohort mortality study of
57,000 painters and other union members: a 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

year update. Occupational & Environmental Medi-
cine 1999;56:315-21.

Helmkamp JC. Occupation and suicide among
males in the US Armed Forces. Annals of Epidemi-
ology 1996;6:83-8.

Kondo N, Subramanian SV, Kawachi |, et al.
Economic recession and health inequalities in
Japan: analysis with a national sample, 1986-2001.
Journal of Epidemiology & Community Health
2008;62:869-75.

Maki NE, Martikainen PT, Maki NE, Martikainen PT.
Socioeconomic differences in suicide mortality by
sex in Finland in 1971-2000: a register-based study
of trends, levels, and life expectancy differences.
Scandinavian Journal of Public Health 2007;35:387-
95.

van Wijngaarden E, Savitz DA, Kleckner RC, et
al. Exposure to electromagnetic fields and
suicide among electric utility workers: a nested
case-control study. Western Journal of Medicine
2000;173:94-100.

Wheat K, Brohan E, Henderson C. Thornicroft
G. Mental illness and the workplace: conceal or
reveal? J R Soc Med 2010;103:83-6.

Vahidnia A, van der Straaten RJ, Romijn F, et al.
Mechanism of arsenic-induced neurotoxicity may
be explained through cleavage of p35 to p25 by
calpain. Toxicol In Vitro 2008;22:682-7.

Dobbs MR. Clinical Neurotoxicology: syndromes,
substances, environments. Philadelphia, PA, Saun-
ders, 2009.

Vahidnia A, van der Voet GB, de Wolff FA. Ar-
senic neurotoxicity--a review. Hum Exp Toxicol
2007;26:823-32.

Hall AH. Chronic arsenic poisoning. Toxicol Lett
2002;128:69-72.

Sjogren B, Gustavsson P, Hogstedt C. Neuropsychi-
atric symptoms among welders exposed to neuro-
toxic metals. BrJ Ind Med 1990;47:704-7.

Craft ES, Abu-Qare AW, Flaherty MM, et al.
Depleted and Natural Uranium: Chemistry and
Toxicological Effects. J Toxicol Environ Health, Part
B 2004;7:297-317.

Kreiss K, Day GA, Schuler CR. Beryllium: A Mod-
ern Industrial Hazard. Annu Rev Public Health
2007;28:259-77.

Smith PN, Johnson KA, Anderson TA, McMurry
ST. Environmental exposure to polychlorinated bi-
phenyls among raccoons (Procyon lotor) at the pa-

212 www.theijoem.com Vol 2 Number4;/Ocicker, 2011



L. W. Figgs, H. Holsinger, et al

ducah gaseous diffusion plant, Western Kentucky,
USA. Environ Toxicol Chem 2003;22:406-16.

23. Mathew L Wald. Energy Department to Expand
Plan On Helping Nuclear Workers. New York Times

1999.

24. Aldrich TE, Seidu D, Bahr D, et al. Time-period
mortality patterns in a Gaseous Diffusion Plant
workforce. Int J Occup Med Environ Health

2010;23:145-51.

25. Godbold JH, Tompkins EA. A Long-Term Mortal-
ity Study of Workers Occupationally Exposed to
Metallic Nickel at the Oak Ridge Gaseous Diffusion

Plant. J Occup Med 1979;21:799-806.

26. Polednak AP. Mortality among Welders, Including
a Group Exposed to Nickel Oxides. Arch Environ

Health 1981;36:235-42.

27. Frome EL, Cragle DL, Watkins JP, et al. A Mortal-
ity Study of Employees of the Nuclear Industry
in Oak Ridge, Tennessee. Radiation Research

1997;148:64-80.

28. U.S. Department of Energy. Agenda for HHS Public
Health Activities (For Fiscal Years 2005-2010) at
U.S. Department of Energy Sites. Washington DC:

DOE, HHS, 2005.

29. Cox DR. Regression Models and Life-Tables..J Royal

Statistical Society Series 1972;34:187-220.

30. Chan C, Hughes TS, Muldoon S, et al. Mortality
Patterns Among Paducah Gaseous Diffusion Plant

Workers. J Occup Environ Med 2010;52:725-32.

31. International Atomic Energy Agency. Features:
Depleted Uranium. International Atomic Energy
Agency, 2011. Available from'www.iaea.org/news-
center/features/du/du_qgaa.shtml#q9 (Accessed

2011).

32. Alphonse Rainer et al., Plaintiffs-appellants, v.
Union Carbide Corporation et al., Defendants-ap-
pellees. Federal Reporter, 3rd Series: United States

Court of Appeals, Sixth District, 2005: 608.

33. Bahr DE, Hughes T, Aldrich TE, et al. Cohort Follow-
up: the 21st Century Procedures. JRM 2009;36:16-

20.

34. Hahn KM. Estimating Historic Exposure to Arsenic,
Beryllium, Hexavalent Chromium, Nickel, and Ura-
nium at a Uranium Enrichment, Gaseous Diffusion

Plant. University of Cincinnati, 2005.

35. Centers for Disease Control and Prevention. Na-
tional Center for Health Statistics. 2010. Available
from www.cdc.gov/nchs/icd9.htm. (Accessed

November 30, 2010).

www.theijoem.com Vol 2 Number 4; October, 2011

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Plackett RL. Karl Pearson and the Chi-squared Test.
Internat/ Stat Rev 1983;51:59-72.

Cornfield J. A method of estimating comparative
rates from clinical data. Appliation to cancer of the
lung, breast and cervix. J Natl Cancer Inst 1951;11.

McKeown RE, Cuffe SP, Schulz RM. US suicide rates
by age group, 1970-2002: an examination of recent
trends. Am J Public Health 2006;96:1744-51.

Fisher DL, Lin DY. Time-Dependent Covariates in
the Cox Proportional-Hazards Regression Model.
Annu Rev Public Health 1999;20:145-57.

Cohen J. A coefficient of agreement for nominal
scales. Educat Psychol Measurement 1960;20:34-
46.

Orsini N, Bellocco R, Bottai M, et al. A tool for
deterministic and probabilistic sensitivity analy-
sis of epidemiologic studies. The Stata Journal
2008;8:29-48.

Office of the Surgeon General. Chapter 2: The
Fundamentals of of Mental Helth and Mental
Illness. National Institute of Mental Health. 1999.
Available from www.surgeongeneral.gov/library/
mentalhealth/home.html (Accessed June 10, 2011).

Grambsch PM, Therneau TM. Proportional hazards
testand diagnostics based on weighted residuals.
Biometrika 1994;81:515-26.

Baillargeon J. Characteristics of the healthy worker
effect. Occupat Med 2001;16:359-66.

Greenland S, Robins JM. Identifiability, exchange-
ability and confounding revisited. Epidemiol
Perspect Innov 2009;6:4.

White E, Armstrong BK, Saracci R. Principles of
Exposure Measurement in Epidemiology: Collecting,
evaluating and improving measure of disease risk
factors. 2nd Edition. New York, Oxford University
Press, 2008.

Wojcik NC, Huebner WW, Jorgensen G. Strategies
for Using the National Death Index and the Social
Security Administration for Death Ascertainment in
Large Occupational Cohort Mortality Studies. Am J
Epidemiol 2010;172:469-77.

Schall LC, Buchanich JM, Marsh GM, Bittner GM.
Utilizing multiple vital status tracing services opti-
mizes mortality follow-up in large cohort studies.
Ann Epidemiol 2001;11:292-6.

Durkheim BA. Suicide: A Study in Sociology. New
York The Free Press, 1951.

Pescosolido BA, Mendelsohn R. Social Causation of
Social Construction of Suicide? An Investigation in



Suicide Risk following Toxic Metal Exposure

214

51.

the Social Organization of Official Rates. Am Sociol 52. Schneider B. Substance use disorders and risk for
Rev 1986;51:80-100. completed suicide. Arch Suicide Res 2009;13:303-
Purselle DC, Heninger M, Hanzlick R, Garlow SJ. 16.

Differential association of socioeconomic status 53. Ichimura A, Matsumoto H, Aoki T, et al. Charac-
in ethnic and age-defined suicides. Psychiatry Res teristics of suicide attempters with depressive
2009;167:258-65. disorders. Psychiatry Clin Neurosci 2005;59:590-4.

: AT
@) S @)
‘ i

[CES LD

L

L

One of the Persepolis carvings (near Shiraz, Iran).

www.theijoem.com Vol 2 Number4;/Ocicker, 2011




