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1 | INTRODUCTION

Abstract

Background: Hexavalent chromium has been found to increase the risk of lung
cancer in occupational studies. It has been suggested that the relative risk of lung
cancer may vary by age.

Methods: The cohort examined is the Baltimore cohort of chromium production
workers. The effect of age on the lung cancer risk from hexavalent chromium ex-
posure was examined using a conditional Poisson regression modeling approach of
Richardson and Langholz (R&L) and Cox models with interaction terms of age and
cumulative hexavalent chromium exposure.

Results: The inclusion of multiple age groups in the R&L approach suggests the
existence of an age effect that is also supported by a Cox proportional hazard
analysis. The hazard ratio in Cox models with age-cumulative exposure inter-
action terms was significantly elevated for the youngest age group and sig-
nificantly decreased for the oldest age group.

Conclusions: Our analyses are consistent with the observation that younger

chromium production workers have a greater lung cancer risk than older workers.

KEYWORDS
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to derive a quantitative risk estimate for hexavalent lung cancer,” which
became the basis of the National Institute of Occupational Safety and

The lung cancer risk from exposure to hexavalent chromium (Cr(VI1)) in
the occupational setting is well-established, particularly for the
chromate-producing industry.> The current study is based on a cohort
mortality study of workers at a chromium production plant in Baltimore,
MD.? The study has previously been described.? Results of the study®
were used to derive the Occupational Safety and Health Administra-
tion's permissible exposure level for Cr(V1).° The study® was also used

Health recommended exposure limit for Cr(V1).>

Poisson regression and proportional hazards modeling have pre-
viously been used for risk estimates of Cr(VI) for both the Baltimore and
the Painesville, Ohio cohorts of chromium production workers.”” These
studies do not consider the effect of age on chromium exposures. In
addition to proportional hazards modeling,'® the current study employs
the conditional Poisson regression approach proposed by Richardson

Abbreviations: Cl, confidence interval; IRB, Institutional Review Board; R&L, Richardson and Langholz; RR, relative risk; SE, standard error.
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and Langholz (R&L)** to estimate the relative risk (RR) per unit of cu-
mulative exposure. An advantage of the R&L modeling procedure is that
it does not require the merging of strata to reduce the number of
stratum-associated parameters to be estimated. In the current study,
the R&L method allowed us to examine the effect of age on the RR. The
effect of interaction between age and cumulative exposure on the risk

was further explored using the Cox proportional hazards model.*°

2 | MATERIALS AND METHODS

Since the current study involves only certain additional statistical
analyses to the data reported in Gibb et al,> no new Institutional
Review Board (IRB) approval is required.

2.1 | Study population

On 1 August 1950, a new mill and roast plant was completed at the
chromium production facility in Baltimore, and extensive exposure in-
formation on Cr(VI) began being collected from that date forward. Male
workers who began work at the chromium production facility on or after
1 August 1950 were included in the study.? Estimates of exposure to
Cr(VI) (CrO3) were assigned by job title and based on ~70 000 exposure
measurements of airborne Cr(VI) concentration spanning the period of
1 August 1950 through July 1985, the date that operations at the plant
ceased. Vital status follow-up was through 31 December 2011.? Smoking
status (yes/no) at the time of employment was available for 93%
of the cohort.

The cohort included 2354 workers (1243 White, 879 non-White,
and 232 individuals of unknown race).” There were 91186 person-
years of observation, 1613 deaths from all causes, and 217 lung cancer
deaths.? There was a high proportion of cigarette smokers and any
smoking (includes cigarettes, cigars, and pipes) in the cohort. About
80%, 79%, and 65% of Whites, non-Whites, and race unknown were
smokers, respectively. The vast majority of lung cancer deaths occurred
among cigarette smokers (93%, n = 202); 2% (n = 4) of lung cancer cases
occurred among nonsmokers; 5% (n = 11) of lung cancer cases occurred
among individuals whose smoking status was unknown.?

Expected deaths for those with race unknown assumed a race dis-
tribution similar to the rest of the cohort. The standardized mortality
ratio (SMR) for cancer of the trachea, lung, and bronchus was 1.63 (95%
confidence interval [Cl], 1.42-1.86); the SMR was derived using United
States national rates.” A trend test for lung cancer mortality by cumu-
lative Cr(VI) quartile was significant although the response across
quartiles was not monotonic. When the mortality analysis was limited to
smokers, the observed/expected lung cancer mortality became more
pronounced within each exposure quartile, and the exposure response
across quartiles became monotonic.” Only four lung cancer cases did not
smoke which restricted the ability to test for smoking x Cr(VI) interac-
tion.? The odds of lung cancer by number of nasal irritations (eg, irritated
nasal septum, ulcerated nasal septum, etc) demonstrated an increased

risk of lung cancer by number of irritations.”
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2.2 | Statistical methods

The age effect on the risk of lung cancer associated with exposure to
Cr(VI) was evaluated using two statistical methods: (a) the condi-
tional Poisson regression modeling approach of Richardson and
Langholz (R&L) and (b) Cox proportional hazard models with inter-

action terms of age and cumulative Cr(VI) exposure.

2.2.1 | R&L approach

Rather than using the standard Poisson likelihood, the R&L approach
maximizes an “alternative” expression for the likelihood that avoids
estimation of the stratum-specific parameters by treating them as nui-
sance terms. This property is made possible by separating and then
canceling the nuisance terms in the likelihood function. All individual
workers in the cohort contributed to follow-up time and events in a
stratum defined by age and smoking status, which results in a broad
range of cumulative exposures (exposure, hereafter).

In general, a general relative rate model with binary indicator
variables for the k levels of strata, Sy, ..., S¢, and an exposure variable
Z can be expressed as h(as, ) = exp(a1Sy +...+ ax Sk + yx)3 (B, 2),
where a; are the strata-specific parameters, and g (3, Z) is the relative
hazard rate due to the exposure Z. This model encompasses log-linear
model forms, the Cox proportional hazards model, and a linear excess

relative rate. The exponential form of this model is the following.

3B, 2) = exp(BD).

Under this model structure, the contribution of the sth stratum

of the data to the log-likelihood is given by:

L@ = In[] [8@ B)=] — c:[In(Y P8 (z; B))],
2eRs 2eRs

where R; is the set of individuals with unique exposure z in
the stratum s, and ¢ is the number of cases in the stratum s. This
log-likelihood is a function only of parameter 5. The optimization
of the likelihood function was done using the R statistical
package, using R optimization routines, nonlinear minimization,
and/or optimize (stat.ethz.ch/R-manual/R-devel/library/stats/
html/nim.html).*?

The effect of age was explored with different numbers of age
groups and O, 5, 10, and 15 year lag times. At least 20 lung cancer
cases were included in each group to stabilize the model fitting.

2.2.2 | Cox modeling

Proportional hazards modeling of the age-exposure interaction with
different polynomial degrees was done as follows:
Model 1. (Time, Event) ~ Exposure + Age x Exposure + Smoking
Model 2. (Time, Event)~Exposure +Age x Exposure + Age? x

Exposure + Smoking
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TABLE 1 Results of proportional hazards modeling of cumulative chromium exposure (per mg CrOs/m®-y) by different lag periods, adjusted

for smoking (Wald-based Cls)

Lag period (y) p SE

0 4712 0.1133
1 4739 0.1135
2 4768 0.1137
5 4868 0.1145
10 4939 0.1197
15 4812 0.1333
20 4764 0.1497

Abbreviations: Cl, confidence interval; SE, standard error.

Model 3.
Exposure + Age3 x Exposure + Smoking

(Time, Event) ~ Exposure + Age x Exposure + Age? x

The proportional hazards models with interaction terms were
conducted with 0, 1, 2, 5, 10, 15, and 20 year lag periods; the R& L
models were fitted with lag periods of O, 5, 10, and 15 years. The
proportional hazards models and the R&L models were fitted using
cumulative Cr(VI) exposure in mg CrOs/m3-years. All proportional

hazards models were run using SAS Version 9.4.*°

Hazard ratio 95% ClI -2 Log(L)
1.60 1.28-2.00 2830.23
1.61 1.29-2.01 2830.14
1.61 1.29-2.01 2830.05
1.63 1.30-2.04 2829.80
1.64 1.30-2.07 2830.52
1.62 1.25-2.10 2833.03
1.61 1.20-2.16 2834.99

3 | RESULTS

The fit of the Cox proportional hazards models of the lung cancer risk
adjusted for smoking were similar for all lag periods (0, 1, 2, 5, 10, 15,
and 20 years); the best fit was for the 5-year lag (Table 1).

Results using the R&L approach with smoking in the model are
provided for 1, 2, 3, 4, 5, and 6 age groups (Table 2). The age
groups are shown below the table. The RR is highest for the

TABLE 2 Results for relative exponential exposure-response (R&L) model g(Bz) = exp(fz), adjusted for smoking (Wald-based Cls)

No. of age groups® Lag (y) p SD RR = exp(p2) 95% CI -2Log(L)
1 0 454 0.098 1.57 1.30-1.91 9283.51
5 454 0.098 1.57 1.30-1.91 9283.62
10 451 0.101 1.55 1.29-1.91 9286.50
15 414 0.108 1.51 1.22-1.87 9291.89
2 0 454 0.098 1.57 1.30-1.91 9283.50
5 461 0.098 1.59 1.31-1.92 9282.79
10 463 0.100 1.59 1.31-1.93 9284.08
15 474 0.107 1.60 1.30-1.98 9286.46
3 0 915 0.047 2.50 2.28-2.74 8854.75
5 .933 0.048 2.59 2.31-2.79 8846.57
10 .982 0.050 2.67 2.42-2.94 8845.78
15 1.088 0.056 2.97 2.66-3.31 8848.71
4 0 .506 0.133 1.66 1.28-2.15 4327.08
5 .522 0.133 1.69 1.30-2.19 4326.07
10 .548 0.139 1.73 1.32-2.27 4325.97
15 .599 0.152 1.82 1.35-2.45 4325.95
5 0 1.179 0.036 3.25 3.03-3.49 8153.85
5 1.246 0.036 3.48 3.24-3.73 8091.17
10 1.387 0.040 4.00 3.70-4.33 8035.39
15 1.559 0.044 4.75 4.36-5.18 8030.41
6 0 1.142 0.036 3.13 2.92-3.36 8253.33
5 1.164 0.036 3.20 2.98-3.44 8235.51
10 1.200 0.038 3.39 3.08-3.58 8238.56
15 1.375 0.043 3.95 3.64-4.30 8223.38

Abbreviations: Cl, confidence interval; R&L, Richardson and Langholz; RR, relative risk; SD, standard deviation.

20ne age group (all ages, 15-96); two age groups (215 to 65 and 265); three age groups (ages 215 to 60, 260 to >70); four age groups (215 to 60, 260 to
65, 265 to 75, and 275); five age groups (ages 215 to 60, 260 to 65, 265 to 70, 270 to 75, and 275); six age groups (ages 215 to 55, 255 to 60, 260 to 65,
265 to 70, 270 to 75, and 275).
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TABLE 3 Maximum likelihood estimates for three models examining interaction of cumulative hexavalent chromium exposure and age (in years)
with smoking in the models

Parameter

Parameter
estimate

Model 1: (Time, Event) ~ Exposure + Age x Exposure + Smoking

Exposure 8.78775
Age x Exposure -0.12800
Smoking (1/0) -0.00359

Model 2: (Time, Event) ~ Exposure + Age x Exposure + Age? x Exposure + Smoking

Exposure 12.51452
Age x Exposure -0.24855
Age? x Exposure 0.0009701
Smoking (1/0) -0.00225

Model 3: (Time, Event) ~ Exposure + Age x Exposure + Age? x Exposure + Age® x Exposure + Smoking

Exposure 50.87213
Age x Exposure -2.19117
Age? x Exposure 0.03289
Age® x Exposure -0.0001703
Smoking (1/0) -00.0183

Standard error Va P-value
1.16328 57.0667 <.0001
0.01891 45.8390 <.0001
0.03141 0.0130 9091
4.13667 9.1522 .0025
0.12795 3.7737 .0521
0.00100 0.9391 .3325
0.03142 0.0051 .9430

25.10762 4.1053 0427
1.23486 3.1486 .0760
0.02000 2.7032 .1001
0.0001064 2.5621 .1095
0.03146 0.0034 .9537

groupings with five and six age groups. The fit of the model is
considerably improved when there are four age groups but the
standard deviation is much larger. Similar results (better fit but
larger standard deviation) were found when the cutpoints for the
four age groups were more than or equal to 15 to less than 60,
more than or equal to 60 to less than 65, more than or equal to 65
to less than 70, and more than or equal to 70 as opposed to those
described in Table 2.

In the Cox model, the interaction of age and Cr(VI) exposure was
significant only for the simple polynomial (model 1): (Time, Event) ~
Exposure + Age x Exposure + Smoking (Table 3). Hazard ratios for
1mg CrOs/m3-years for ages 61 (25th percentile), 69 (the median),
and 79 (75th percentile) are found in Table 4. The hazard ratio was
significantly elevated for age 61 and significantly decreased for age
79 in all three models. In model 1, the only model with significant

age x exposure interaction, the hazard ratios for ages 61, 69, and

TABLE 4 Hazard ratios for 1 unit increase of exposure (1 mg
CrOs/m3.y) fixed for age and adjusted for smoking at 1st, 2nd, and
3rd quartiles of age (ages 61, 69, and 79) by three different models, 5
y lag

Model Age (y) Hazard ratios (95% Cl)
1 61 2.67 (2.24-3.20)
69 0.94 (0.67-1.32)
79 0.28 (0.14-0.54)
2 61 2.63 (2.18-3.17)
69 0.97 (0.69-1.34)
79 0.36 (0.17-0.76)
3 61 2.53 (2.07-3.09)
69 1.34 (0.84-2.15)
79 0.41 (0.17-0.98)

Abbreviation: Cl, confidence interval.

79 in model 1 are 2.674 (95% Cl, 2.237-3.196); 0.938 (95% Cl, 0.668-
1.317); and 0.277 (95% Cl, 0.142-0.540), respectively.

4 | DISCUSSION

It should be noted that the “age effect” calculated by the Cox pro-
cedure is not the same as that calculated from an extended Cox
model with time varying covariate (often called a counting process) in
which the exposure at any age can be defined. The extended Cox
proportional model is similar to the R&L procedure in which exposure
at any age can be explicitly defined. On the other hand, the age of the
basic Cox model is restricted to the age an event (death or censored)
occurred. In this sense, the age effects have different implications.

With regard to the R&L approach, it is reassuring to note that
when age was not categorized (one age category), the estimations of
the coefficient are very similar to the hazard ratio estimation from
the Cox proportional hazards model as expected by theoretical
consideration alone (Table 2). The small numerical difference is likely
due to the difference in how age is treated in the modeling process.

It is clear from the R&L modeling that age has an effect on the
risk estimation, but we cannot determine from the R&L model alone
what the effect is. When the effect of age is explored by interaction
terms in a proportional hazard model, the only age group where the
hazard ratio is significantly elevated is the youngest age; the hazard
ratio is significantly decreased in the oldest age group. Again, the
cause of the age effect is unknown. It may be that other causes of
lung cancer (eg, smoking) become relatively more important at older
ages, that there are Cr(VI) and smoking interactions that cannot be
accounted for in the current study, or there are other occupational or
lifestyle factors.

Another explanation may be the extremely irritating nature of Cr

(VI1). In 1974, a review of epidemiologic studies of workers engaged in
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the refining of chromite ore noted that the lung cancer risk was
greatest among younger chromium production workers.** The author
noted that the data suggest “a short latent period probably as a result
of exposure to a very potent carcinogen.”** Although the irritating
nature of Cr(VI) could increase the risk of lung cancer at any age, it is
assumed that the group of workers described by Enterline began
work in their 20s, thus resulting in lung cancer mortality being
manifested at a younger age. The mean age of hire in the Baltimore
cohort was 29.6 (median = 28, range, 16-62).

Clinical signs of respiratory irritation in chromium production
workers have been reported to be associated with an increased lung
cancer risk,? and irritation is recognized as having a role with respect
to lung cancer.’®>!” Further exploration will be useful in evaluating
the effect of age and the potential effect of irritation on the
carcinogenic risk (eg, using a proportional hazards model with
time-dependent covariates, such as a counting procedure).
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