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ABSTRACT
Objectives  Traditional epidemiological approaches usually 
assume a constant relationship between cumulative 
exposure and disease, which implies that exposure 
duration and intensity contribute equally to the studied 
outcome. But individuals with the same cumulative 
exposure but different temporal exposure patterns may 
show different risks. Trajectory classification is a good way 
to assess exposure–risk associations and leads to a better 
understanding of lifetime variability in exposure levels. 
Therefore, this study aimed to estimate lung cancer risk 
according to the exposure trajectory classes on welding 
fumes and cigarette smoking.
Design  Two population-based German case–control 
studies.
Participants  3498 male lung cancer cases and 3539 
male control subjects.
Methods  Separate latent class mixed models (LCMM) 
were determined to identify profiles of exposure 
trajectories of cigarette smoking and occupational 
exposure to welding fumes. To investigate the risk of 
lung cancer by class membership, ORs with 95% CI were 
estimated via multiple logistic regression analyses.
Results  LCMM each identified four latent classes of 
smoking and welding-fume exposure. Classes of smokers 
showed much higher risk of lung cancer compared with 
never smokers or subjects exposed to welding fumes. 
Smokers in one class characterised with the highest 
exposure over the past 10 years had the highest adjusted 
lung cancer risk (OR=39; 95% CI 29 to 53). For welding, 
the highest lung cancer risks were found for the class in 
which exposure to welding fumes in the past 10 years 
prior to the diagnosis of lung cancer was highest and the 
duration of welding was also quite high (OR=1.71; 95% CI 
0.92 to 3.15).
Conclusions  In summary, LCMM opens a new 
perspective on dose–effect relationships and could be 
employed to complement established epidemiological 
methods.

INTRODUCTION
Exposures often span a lifetime with varying 
exposure intensity over time. Epidemio-
logical studies therefore attempt to collect 

information on the extent of exposure at 
different time points. This interplay has a 
dynamic relationship during the life course of 
an exposed individual. However, traditional 
epidemiological approaches usually assume 
a constant cumulative exposure (the product 
of intensity and duration of exposure) over 
time.1 The use of this metric implicitly assumes 
that the effects of exposures are additive and 
that the impact of an exposure on disease 
risk is the same regardless of exposure dose 
and its temporal pattern. However, individ-
uals with the same cumulative exposure, but 
different temporal exposure patterns, may 
show different risks. In terms of prevention, 
it is important to know whether long-term, 
low-intensity exposure leads to a different risk 
than short-term, high-intensity exposure. The 
general assumption that incidence rates or 
risk estimates are proportional to cumulative 
exposure has been questioned.2

The association between cigarette smoking 
or occupational exposure to welding fumes 
and lung cancer has been extensively investi-
gated in the literature.3–6 There is still a need 
for research to adequately capture the time-
varying intensity of exposure and to identify 
critical time windows during which exposure 
has the strongest impact on lung cancer risk. 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ Latent class mixed models were used to capture the 
time-varying intensities of welding fumes and ciga-
rette smoking as well-known causes of lung cancer.

	⇒ The critical time windows during which these ex-
posures have the strongest influence on the lung 
cancer risk were also analysed.

	⇒ This study can be limited by the fact that this mod-
elling approach assumes that the calculated latent 
classes exist, which, of course, is not certain.
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For this reason, latent class mixed models (LCMM) to 
identify profiles of exposure histories were proposed to 
estimate associations with disease risk.7–10 LCMM simpli-
fies heterogeneous lifetime exposures into more homoge-
neous classes and identifies distinct subgroups of exposed 
individuals following a similar exposure pattern over the 
lifetime.11

The purpose of this study was to determine latent classes 
for smoking habits and welding-fume exposure in two 
case–control studies and to use these classes to estimate 
lung cancer risks via logistic regression. This updated 
analysis could provide a more complete picture of the 
exposure history, open a new perspective on dose–effect 
relationships between exposures to cigarette smoke and 
welding fume on lung cancer.

MATERIALS AND METHODS
Study population
Data from 3498 male lung cancer cases and 3539 male 
control subjects of two population-based German 
case–control studies were used (Humanisierung des 
Arbeitslebens (HdA) and Arbeit und Technik (AUT)). 
Because only a few women were ever exposed to welding 
fumes, we excluded women for this analysis. The study 
designs were previously described in detail.12 13 HdA study 
participants were interviewed between 1988 and 1993, 
with a response proportion of 69% for cases and 68% for 
controls. Controls were randomly selected from manda-
tory registries and matched 1:1 to cases by sex, age and 
region of residence. Participants of the AUT study were 
interviewed with similar matching criteria between 1990 
and 1996. The response was 77% among cases and 41% 
among controls. Institutional ethics approval was not 
required at the time of this study under German regu-
lations, as the study involved only non-invasive question-
naire data.

Lifelong work and smoking histories, including start 
and end years of each exposure period, assuming 
constant exposure patterns, were collected by trained 
interviewers. Smoking intensity for each exposure 
period was calculated as the number of average ciga-
rettes smoked per day. Detailed descriptions of the expo-
sure assessment were previously published.5 For each 
welding-exposed subject and a given job period, expo-
sure levels for each welding activity were determined 
using a measurement-based job-exposure matrix (WEM) 
with estimates from 15 473 air measurements collected 
at welding workplaces in Germany.5 14 15 Average expo-
sure intensity levels were calculated as the product of 
welding-fume concentration, factor of the base mate-
rial and frequency factors for welding activities, and are 
expressed in µg/m3.5 Subjects who reported that they 
simultaneously performed several welding processes 
during a given calendar year were additionally weighted 
with respect to welding time.

Patient and public involvement
Patients or the public were not involved in the design or 
conduct of this research.

Statistical analysis
All statistical analyses were conducted with R software, 
V.4.2.2. LCMMs are advanced statistical methods employed 
to identify distinct latent subgroups within a population 
based on longitudinal data. These models integrate latent 
class analysis, which classifies individuals into unobserved 
groups with similar developmental patterns, and mixed-
effects modelling, which accounts for individual-level vari-
ability across time.16 Thus, the purpose of this analysis was 
to estimate the number and size of trajectory classes and 
to assign latent class membership to participants based 
on the posterior probability of each subject’s growth 
trajectory fitting with one of the sets of estimated classes. 
Classes of individual lifetime trajectories of smoking and 
welding-fume exposure were identified using separate 
analyses. The modelling of trajectories was restricted to 
men who had ever smoked or were exposed to welding 
fumes. If ever exposed subjects were not smoking ciga-
rettes or were not exposed to welding fumes during a 
certain year, a zero-exposure value was coded. The years 
from first smoking cigarettes or first exposure to welding 
fumes to the year of interview (controls) or lung cancer 
diagnosis (cases, hereafter referred to as index dates) 
were used in the modelling as the metric of time (from 
0 to 65 years). The LCMM function fitted smoking inten-
sity or welding-fume exposure on a continuous scale as a 
function of this time metric. To consider non-normally 
distributed outcomes and to allow a more flexible assess-
ment of the dose shape, a nonlinear function as a basis of 
a quadratic I-spline with three knots—whose number we 
determined—was used17: For smoking cigarettes, knots 
were placed at the quantiles (25%, 50%, 75%) 12, 24, 35 
cigarettes/day, and for welding-fume exposure at 29, 93, 
and 588 µg/m3, respectively. The sensitivity of the spline 
functions to alternative knot locations (10th, 50th and 
90th percentiles and 5th, 50th and 95th percentiles) was 
assessed in a separate analysis. Because we observed only 
a marginal effect on model fit and prediction, all analyses 
were performed using the a priori knot locations. The 
LCMM function from the package lcmm was used to esti-
mate the latent classes.9 18

To select the optimal number of latent classes, LCMM 
analyses with different numbers of classes (1–8) were esti-
mated and compared in terms of fit criteria (Bayesian 
Information Criteria (BIC), sample-size-adjusted BIC 
(SABIC), Akaike Information Criteria (AIC)) with the 
lowest values indicating the best model.19 In addition, 
diagnostic capacity criteria of the models based on entropy 
power and the average latent class posterior probability 
(ALCPP) can also help specify the number of classes, 
where values close to 1 are desirable.19 20 Further, the 
aim was to include classes with at least 1% capture of the 
participants to assess the explanatory power of the class 
patterns. Membership of an individual to a specific class 
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was determined by calculating the posterior probability 
of belonging to one class and by assigning the participant 
to the class with the highest probability. Also, BIC, SABIC 
and AIC were used to identify the best number of classes, 

combined with an assessment of whether the data distin-
guished distinctive features in a parsimonious way.19 20

Spaghetti plots were performed with package CorrMixed 
to illustrate the mean exposure history as a function of 

Figure 1  Spaghetti plots of smoking cigarettes per day and time until index date to illustrate the mean exposure history (grey 
lines). Index date means for cases the date of cancer diagnosis and for controls the date of interview. Estimates of average 
exposure per latent class using generalised additive models are shown with coloured lines. The right panels show the results for 
each class individually.

Figure 2  Spaghetti plots of welding fume exposure and time until index date to illustrate the mean exposure history (grey 
lines). Index date means for cases the date of cancer diagnosis and for controls the date of interview. Estimates of average 
exposure per latent class using generalised additive models are shown with coloured lines. The right panels show the results for 
each class individually.
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time (figures 1 and 2). Generalised additive models were 
used to estimate the average exposure per latent class, 
fitted by penalised iteratively reweighted least squares 
and smoothing selection with constrained maximum like-
lihood (bam function from package mgcv).21

After identifying the optimal number of latent classes to 
investigate the association between latent class member-
ship and lung cancer, conditional logistic regression 
models were constructed to estimate ORs and 95% CIs. 
Subjects who had never smoked cigarettes or never worked 
in a welding-related occupation comprised the reference 
groups. All estimates were adjusted for age at index date 
(log transformed) and conditional on study (OR1). To 
control for confounding, risk estimates were additionally 
adjusted for several risk factors for lung cancer (OR2, see 
footnotes of tables 1 and 2). Ever having worked in at-risk 
occupations, defined by ‘list A’—a list of occupations and 
industries associated with recognised increased risk of 
lung cancer risks—was used as an additional adjustment 
variable to account for exposure to other occupational 
lung carcinogens.22 23

The robustness of results was examined using the 
following sensitivity analyses:

	► Restricting the subjects to regular welders and current 
smokers to limit potential uncertainties of the expo-
sure assessment.

	► To assess the influence of the latent classes on the 
risk estimates of the adjustment variables, regression 
models were also conducted with and without the 
classes.

	► Regarding smoking, stratified analyses by different 
histologic types of lung cancer (squamous cell carci-
noma, small cell lung carcinoma, adenocarcinoma) 
were also performed.

	► Additional LCMM analyses were conducted with no 
consideration of smoking in the last 5 years prior to 
diagnosis or interview.

RESULTS
The characteristics of 3498 lung cancer cases and 3539 
control subjects are shown in table 3. Lung cancer cases 
had a higher proportion of smokers (62% vs 26%), 

Table 1  Characteristics and results from logistic regression analysis with risk of lung cancer of the four trajectory classes of 
smoking cigarettes, Germany, 1988–1996

Trajectory of smoking cigarettes
Never 
smokers Class 1 Class 2 Class 3 Class 4

Cases N (%) 67 (8) 1577 (47) 570 (17) 905 (27) 327 (10)

Controls N (%) 786 (92) 1886 (72) 181 (7) 327 (12) 235 (9)

OR1* (95% CI) 1.00 9.37
(7.2 to 12.1)

40.40
(29.8 to 54.8)

31.85
(24.1 to 42.1)

15.88
(11.8 to 21.5)

OR2† (95% CI) 1.00 9.15
(7.1 to 11.9)

39.09
(28.8 to 53.0)

31.08
(23.5 to 41.1)

15.50
(11.5 to 21.0)

Age at index date (years) Median (Q1–Q3) 59 (53–64) 64 (58–68) 53 (47–59) 61 (55–66) 62 (56–66)

Smoking intensity‡ (cigarettes/day)  �   �   �   �   �

 � Lifetime Median (Q1–Q3) 0 15 (10–15) 20 (12–35) 20 (13–23) 20 (12–40)

 � At index date Median (Q1–Q3) 0 14 (8–20) 30 (20–40) 20 (15–25) 10 (4–15)

 � 1–9 years before index date Median (Q1–Q3) 0 18 (10–20) 30 (20–40) 20 (20–25) 20 (12–30)

 � 10–19 years before index date Median (Q1–Q3) 0 18 (10–20) 25 (20–40) 20 (20–25) 30 (20–40)

 � 20–29 years before index date Median (Q1–Q3) 0 18 (10–20) 20 (15.25) 20 (15–25) 25 (20–40)

 � 30–39 years before index date Median (Q1–Q3) 0 15 (10–20) 10 (5–15) 16 (10–20) 15 (10–20)

 � 40+years before index date Median (Q1–Q3) 0 10 (6–20) 7 (5–10) 10 (5–15) 10 (5–15)

Smoking duration§ (years) Median (Q1–Q3) 0 29 (27–39) 33 (28–39) 42 (37–47) 34 (29–40)

Former smoking¶ N (%) 0 2373 (69) 49 (7) 102 (8) 420 (75)

Time since smoking cessation** 
(years)

Median (Q1–Q3) 0 19 (11–28) 3 (2–4) 3 (2–5) 9 (6–13)

Age at starting smoking (years) Median (Q1–Q3) 0 18 (17–20) 18 (16–20) 17 (16–19) 18 (16–20)

Index date means for cases the date of cancer diagnosis and for controls the date of interview.
*OR1 is adjusted for log(age at index date) and conditional on study.
†OR2 are additionally adjusted for log(cumulative dose welding fume at the index date+1) and ever working at-risk jobs.
‡Annual intensities of smoking cigarettes.
§Duration of smoking cigarettes at the index date over all periods of smoking, excluding periods of interruptions.
¶Status at the index date.
**Calculated among former smokers only at the index date.
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smoked more cigarettes (median: 18 vs 11 cigarettes/day) 
and smoked cigarettes for a longer duration compared 
with controls (median: 37 vs 21 years). 800 cases and 645 
controls reported ever being exposed to welding fumes. 
The proportion of men ever exposed to welding fumes 
was somewhat higher among cases than controls (23% 
vs 18%). The median of average intensity exposure to 
welding fumes was higher for lung cancer cases than 
controls (96 vs 90 µg/m3).

For both, smoking and welding exposure, several latent 
class models with the number of classes ranging from 1 
to 8 were considered (online supplemental table 1). The 
models became unstable with the eight-class models and 
were therefore not considered further. The four-class 
models for smoking and for welding fumes were identi-
fied as the best solution according to fit and diagnostic 

criteria. AIC, BIC and SABIC values were lowest, and the 
lowest value was on the off diagonal of the ALCPP, indi-
cating good discrimination of classes. Further, classes were 
well differentiated with entropy indexes>0.90. Therefore, 
the four-class models for both smoking and welding fume 
were used in the following analyses in relation to the lung 
cancer risk.

Table 1 describes the characteristics and risk estimates 
of smoking behaviour considering the four classes. As 
expected, the association of lung cancer with classes of 
smoking trajectories was much stronger than for never 
smokers: All ORs were above 9. Adjustment for expo-
sure to welding fumes or working in occupations with 
known lung cancer risk had no effect on relative risks 
from smoking. More than 40 years before the index date, 
participants in all classes had similar smoking habits 

Table 2  Characteristics and results from logistic regression analysis with risk of lung cancer of the four trajectory classes of 
exposure to welding fumes, Germany, 1988–1996

Trajectory of exposure to welding 
fumes

Never 
welding Class 1 Class 2 Class 3 Class 4

Cases N (%) 2698 (48) 12 (2) 37 (5) 721 (90) 30 (4)

Controls N (%) 2894 (52) 7 (1) 38 (6) 576 (89) 24 (4)

OR1* (95% CI) 1.00 1.89
(0.74 to 4.83)

1.05
(0.67 to 1.66)

1.35
(1.19 to 1.52)

1.36
(0.79 to 2.33)

OR2† (95% CI) 1.00 1.26
(0.46 to 3.49)

1.00
(0.59 to 1.70)

1.26
(1.10 to 1.45)

1.71
(0.92 to 3.15)

Age at index date (years) Median (Q1–Q3) 62 (56–67) 51 (45–57) 58 (53–62) 60 (53–66) 56 (48–66)

Welding exposure‡ (µg/m3)  �   �   �   �   �

 � Lifetime Median (Q1–Q3) 0 373 (21–1082) 56 (18–429) 93 (33–574) 59 (23–500)

 � At index date Median (Q1–Q3) 0 21 (16–70) 25 (16–66) 124 (34–520) 450 (175–748)

 � 1–9 years before index date Median (Q1–Q3) 0 19 (16–45) 68 (27–34) 107 (34–547) 450 (121–880)

 � 10–19 years before index date Median (Q1–Q3) 0 374 (45–1111) 24 (16–56) 106 (35–575) 121 (24–675)

 � 20–29 years before index date Median (Q1–Q3) 0 976 (374–2200) 41 (18–331) 107 (35–654) 35 (17–108)

 � 30–39 years before index date Median (Q1–Q3) 0 900 (373–2200) 270 (72–1000) 93 (33–605) 24 (12–55)

 � 40+years before index date Median (Q1–Q3) 0 3 (3–9) 369 (90–975) 86 (28–440) 42 (19–125)

Welding duration§ (years) Median (Q1–Q3) 0 28 (21–35) 31 (20–38) 12 (5–28) 30 (22–36)

Former welding¶ N (%) 0 6 (32) 50 (67) 1121 (86) 33 (61)

Time since last exposure** (years) Median (Q1–Q3) 0 11 (5–13) 12 (6–20) 26 (11–37) 7 (3–14)

Time since first exposure (years) Median (Q1–Q3) 0 31 (24–36) 40 (34–44) 40 (32–47) 35 (29–48)

Smoking status¶  �   �   �   �   �

 � Never smoker N (%) 711 (13) 1 (5) 11 (15) 123 (9) 7 (13)

 � Former smoker N (%) 2386 (43) 4 (21) 25 (33) 506 (39) 23 (43)

 � Current smoker N (%) 2349 (42) 14 (74) 38 (51) 640 (49) 23 (43)

 � Smoking other type of tobacco N (%) 146 (3) 0 1 (1) 28 (2) 1 (2)

Smoking pack-years¶ Median (Q1–Q3) 28 (14–41) 30 (22–42) 28 (17–38) 29 (17–40) 18 (12–35)

Index date means for cases the date of cancer diagnosis and for controls the date of interview.
*OR1 is adjusted for log(age at the index date) and conditional on study.
†OR2 are additionally adjusted for log(pack-years at the index date+1) and time-since-quitting smoking cigarettes (current smokers, 
stopped smoking 2–7, 8–15, 16–25 or ≥26 years before the index date, smoking other type of tobacco, never smokers).
‡Annual intensities of welding-fume exposure.
§Duration of work in welding-related occupations at the index date over all periods of job phases, excluding periods of interruptions.
¶Status at the index date.
**Calculated among former workers in welding-related occupations only at the index date.
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(figure 1). Smokers in class 2 were characterised by the 
highest proportion of current smokers and younger age 
compared with men in all other classes. Class 2 smokers 
showed the highest adjusted lung cancer risk compared 

with never smokers (OR2=39.09; 95% CI 28.8 to 53.0). 
These subjects, on average, had smoked most over the 
past 10 years compared with the other classes (figure 1). 
Class 3 included a similar proportion of current smokers 
to class 2, showed the longest smoking duration, but a 
constant average intensity during the previous 30 years. 
Compared with never smokers, the second strongest 
adjusted OR (31.08; 95% CI 23.5 to 41.1) was observed. 
Most smokers were assigned to class 1 with the lowest 
average lifetime intensity and lowest duration, with a high 
frequency of former smokers and the highest average time 
since cessation. As expected, these lifetime smoking habits 
were associated with lower lung cancer risks compared 
with the other classes, although ORs were still strongly 
elevated (OR2=9.15; 95% CI 7.1 to 11.9). Restricting the 
analysis to current smokers resulted in similar risk esti-
mates for subjects in classes 2 and 3 (online supplemental 
table 2). However, in the other two classes, risks were 
estimated as two times as high compared with the anal-
ysis presented in table 1, because these classes included 
many former smokers (class 1: OR2=18.9; 95% CI 14.3 
to 25.0; class 4: OR2=34.4; 95% CI 21.8 to 54.6). Indi-
vidual major histological subtypes were also strongly 
associated with smoking, with a similar pattern between 
classes, although the ORs for adenocarcinoma were 
substantially lower than for squamous cell carcinoma and 
small cell lung carcinoma (online supplemental tables 
3-5). Lagging cigarette-smoking time by 5 years did not 
obviously alter the ORs: the highest risk estimates were 
observed for class memberships with the highest recent 
smoking intensity (online supplemental table 6). Table 2 
shows the description and risk estimates associated with 
the trajectory classes of exposure to welding fumes. The 
classes contained roughly the same proportion of cases 
and controls; however, all risks of lung cancer were above 
1. The classes of welding-fume exposure trajectories 
showed weaker associations with lung cancer than the 
classes of smoking trajectories. The highest smoking-
adjusted lung cancer risk was found in class 4 (OR2=1.71; 
95% CI 0.92 to 3.15). During the past 10 years, these 
welders were exposed to the highest levels of welding 
fumes compared with the other classes (figure 2). Class 
4 subjects worked in welding-related occupations with a 
median of 30 years and were those with the lowest average 
time since last exposure and those with the lowest average 
smoking pack-years. Most welding-fume exposed men 
were assigned to class 3 with an increased lung cancer 
risk (OR2=1.26; 95% CI 1.10 to 1.45). compared with the 
other classes, they showed the shortest average duration 
of welding-fume exposure, with the highest proportion 
of formerly exposed subjects and the highest average 
time since last working in welding-related occupations. 
Their welding fume exposure was rather constant over 
time, averaging around 100 µg/m3 (figure 2). Restricting 
the analysis to regular welders revealed higher exposure 
levels to welding fumes, especially for participants in class 
2 (online supplemental table 7). Here, the average expo-
sure was more than 520 µg/m3 in each working decade, 

Table 3  Characteristics of lung cancer cases and controls 
at the index date, Germany, 1988–1996

Characteristics
Cases 
(n=3498)

Controls 
(n=3539)

Study  �   �

 � HdA N (%) 839 (24) 837 (24)

 � AUT N (%) 2659 (76) 2702 (76)

 � Age* (years) Median 
(Q1–Q3)

62 (55–67) 61 (55–67)

Smoking status*  �   �

 � Never smoker N (%) 67 (2) 786 (22)

 � Former smoker N (%) 1220 (35) 1724 (49)

 � Current smoker N (%) 2159 (62) 905 (26)

 � Smoking other type 
of tobacco

N (%) 52 (1) 124 (4)

Time since quitting* (years)

 � <8 N (%) 444 (36) 258 (15)

 � 8–15 N (%) 320 (26) 379 (22)

 � 16–25 N (%) 275 (23) 532 (31)

 � >25 N (%) 181 (15) 555 (32)

 � Average smoking 
intensity*

Median 
(Q1–Q3)

18 (14–23) 11 (2–19)

 � Smoking duration* 
(years)

Median 
(Q1–Q3)

37 (29–44) 21 (3–34)

 � Smoking pack-
years*

Median 
(Q1–Q3)

33 (22–45) 12 (1–28)

 � Age at starting 
smoking (years)

Median 
(Q1–Q3)

18 (16–20) 18 (17–20)

Occupational exposure to welding fume*

 � Never exposed N (%) 2698 (77) 2894 (82)

 � Former welding N (%) 652 (19) 558 (16)

 � Current welding N (%) 148 (4) 87 (2)

 � Time since last 
exposure* (years)

Median 
(Q1–Q3)

23 (10–35) 26 (11–38)

 � Average intensity of 
exposure*(µg/m3)

Median 
(Q1–Q3)

96 (30–675) 90 (28–519)

 � Welding duration* 
(years)

Median 
(Q1–Q3)

15 (6–31) 14 (5–27)

 � Cumulative 
exposure*(µg/m3 × 
years)

Median 
(Q1–Q3)

2732
(595–8099)

1838
(373–7425)

 � Age at starting 
welding (years)

Median 
(Q1–Q3)

17 (15–24) 17 (15–23)

Index date means for cases the date of cancer diagnosis and for 
controls the date of interview.
*Status at the index date.
AUT, Arbeit und Technik; HdA, Humanisierung des Arbeitslebens.
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resulting in slightly higher risk estimates (OR2=1.39; 
95% CI 1.14 to 1.70).

Of note, the risk estimates of the adjustment variables 
were not relevantly changed when the latent classes were 
omitted from the model.

DISCUSSION
In this extended study, four latent classes for each, 
smoking cigarettes and occupational welding-fume 
exposure, respectively, were identified using LCMM. 
The selection of the final number of trajectories was 
based on classification accuracy values, distinctiveness 
and representativeness of the classes. Using these class 
memberships, risks of lung cancer were estimated. The 
four classes associated with different smoking trajecto-
ries showed a much higher risk than classes estimating 
trajectories of welding-fume exposure. Participants in all 
classes showed similar smoking habits in the 40 years in 
the past, but smoking patterns subsequently changed, 
revealing widely different lung cancer risks, with ORs 
ranging from 9 to 41. The class of participants character-
ised by the highest proportion of current smokers who, 
on average, had smoked the most during the past 10 years 
presented with the highest risk estimates for lung cancer. 
A similar pattern was observed for the analysis of welding-
fume exposure: For welding, the highest lung cancer risks 
were found for class memberships with the highest expo-
sure to welding fumes in the past 10 years and an average 
duration of employment of 30 years. These welders had 
accumulated the smallest number of smoking pack-years 
as compared with the other three welding classes.

Our results are consistent with previous results using 
traditional epidemiological approaches for the same study 
population or portions thereof.5 24 Our findings highlight 
the strong influence of recent smoking intensity on lung 
cancer risk. The highest lung cancer risk was found in a 
class with current smokers, despite their younger age and 
shorter smoking duration compared with other classes. 
Pesch and co-workers observed a decreasing trend with 
time since last welding-fume exposure, ranging from OR 
of 1.72 for current welding to an OR of 0.87 after ≥40 years 
of exposure. These trends are confirmed by our data. 
Recent high exposure to welding fumes (median 560 µg/
m³ in the past 10 years) in regular welders was associated 
with the highest lung cancer risk in the range of about 2, 
although point estimates failed to reach the level of formal 
statistical significance. In contrast, much higher lifetime 
cumulative welding-fume concentrations were found for 
excess risks in industrial-based cohorts.25 As discussed in 
detail before,5 different approaches to assess exposure 
patterns may result in different estimates that are not 
directly comparable. Here, we also refrained from further 
adjusting for socioeconomic factors, as such adjustment 
may result in overadjustment and consequently underes-
timate the true risk of smoking or welding fumes on lung 
cancer, particularly given the strong association between 
smoking and these factors. Overall, in particular, our 

findings regarding recent welding-fume exposure could 
not be estimated using a traditional analytical approach 
that we reported before.5 It cannot be assumed that the 
classes we have identified represent the exposure classes 
in the general population.

A particular strength of this analysis is the use of each 
subject’s complete and extensive smoking and welding 
histories. Information was available if subjects discon-
tinued smoking habits through lifetime or varied in 
smoking intensity. If a participant reported having welded, 
a supplemental welding-specific questionnaire was 
applied, soliciting detailed information on the welding 
process, materials used and the work environment. Expo-
sure to welding fumes was assessed on the basis of a WEM 
combining these detailed occupational data with a large 
number of personal measurements of inhalable welding 
fumes at various welding workplaces in Germany.14 For 
each welding period, the exposure probability, frequency, 
intensity and type of welding process were considered for 
estimating the level of welding-fume exposure.5 15

There are several potential limitations of this study. 
Exposures were assessed retrospectively. Although 
they were reported using a standardised questionnaire 
which was completed face to face by trained inter-
viewers.12 26 With respect to smoking, it can be assumed 
that the reported average number of cigarettes smoked 
per day was approximately constant during each reported 
smoking period. Other limitations include that individual 
personal measurements of welding fumes were not avail-
able for study participants. Thus, all subjects performing 
the same welding tasks were assigned the same average 
exposure value, as documented in the WEM.

Interest in LCMM has increased in recent years and 
could be an important analytical approach for answering 
questions in occupational epidemiology. Classifying 
trajectories is a good way to summarise the population 
under study and leads to a better understanding of the 
life-course variability in exposure levels. Lung cancer 
risks may depend not only on the number of cigarette 
pack-years or cumulative welding-fume exposure, but also 
on dynamic aspects in exposure history. These dynamics 
include features of the exposure history itself (such as 
duration of cigarette smoking or time-varying intensities 
of exposure due to changes in the workday of a welder) 
and aspects of age-related susceptibility. The latter has 
been formalised in the concept of life-course epidemi-
ology, according to which risk of lung cancer may vary 
with exposure at critical times in life. The use of cumula-
tive exposure metrics implicitly assumes that the effects 
of exposures are additive and that the effect of an expo-
sure metric on lung cancer risk is the same regardless of 
time of occurrence or age. Recent exposures may impose 
higher risks than past exposures, and histories of higher 
smoking intensity may involve different risks than lower 
ones, even for the same cumulative dose. Consequently, 
the indiscriminate use of the cumulative exposure metric 
could bias the reported associations between exposure to 
hazardous substances and cancer risk,27 which may induce 
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a loss of information. Although it is known that the effects 
of intensity and duration of exposure differ, the simple 
cumulative exposure does not explicitly allow for modifi-
cation by other time-related variables. In fact, the duration 
of cigarette consumption has a greater influence on lung 
cancer risks than the intensity of smoking.28 The cumula-
tive exposure metric has the advantage of simplicity and 
has been shown to be one of the best predictors of many 
dose–effect relationships.29 Another way to assess the 
independent effects of duration and intensity of expo-
sure on lung cancer risk is to examine the effect modi-
fication of the association between cumulative exposure 
and lung cancer by intensity.28 Excess relative risk models, 
which are linear for total exposure and exponential for 
exposure intensity, have already been successfully applied 
to study the effect modification of cumulative exposure 
by intensity.27 30 The simple cumulative exposure metric 
should not be dismissed, but LCMM may help to improve 
the understanding of the dose–effect relationship.

LCMM assumes that the calculated latent classes exist, 
which, of course, is not certain. Moreover, the model-
ling assigns subjects to classes based on the probability 
that they belong to a certain class based on the pattern 
of their exposure.20 For this reason, subjects may be 
misclassified into individual classes and a correct class 
assignment is not guaranteed. Since class assignment is 
based on probabilities, the precise number or percentage 
of sample members within each class cannot be deter-
mined a priori.31 Further, there were potential analysis 
problems with small sample sizes, including poor func-
tion fit indices, convergence errors and failure to detect 
classes with low memberships.32 The modelling may not 
correctly detect small trajectories or not detect them at 
all, because there may be insufficient substantive informa-
tion to identify these classes accurately.33

This study showed that it is useful to consider already 
known risk factors for certain diseases over a lifetime. A 
recent high smoking intensity among current smokers 
was associated with a strong impact on lung cancer risks. 
Regarding welding, the highest relative lung cancer risks 
were observed after a recent high exposure to welding 
fumes in regular welders. The construction of latent class 
trajectories, here for smoking and occupational exposure 
to welding fumes, opens a new perspective in analysing 
dose–effect relationships and could be additive to estab-
lished epidemiological methods.
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