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Abstract

The parametric g-formula is a causal inference method that appropriately adjusts for time-varying confounding affected by prior
exposure. Like all parametric methods, it assumes correct model specification, usually assessed by comparing the observed outcome
with the simulated outcome under no intervention (natural course). However, it is unclear how to evaluate natural course performance
and whether other variables should also be considered. We reviewed current practices for evaluating model misspecification in
applications of the parametric g-formula. To illustrate the pitfalls of current practices, we then applied the parametric g-formula
to examine cardiovascular disease mortality in relation to occupational exposure in the United Autoworkers-General Motors cohort
(UAW-GM), comparing 20 parametric model sets and qualitatively assessing natural course performance for all time-varying variables
over follow-up. We found that current practices of evaluating model misspecification are often insufficient, increasing risk of bias
and statistical cherry-picking. Based on our motivational analyses of the UAW-GM cohort, good natural course performance of the
outcome does not guarantee good simulations of other covariates; poor predictions of exposures and covariates may still exist. We
recommend reporting natural course performance for all time-varying variables at all time points. Objective criteria for evaluating
model misspecification in the parametric g-formula need to be developed.

Key words: g-formula; causal inference; g-computation; healthy worker effect; natural course; parametric g-formula.

Background that affect the outcomes of interest), time-varying risks (disease
incidence or other outcomes of interest), and time-varying
competing risks (alternative outcomes such as death that
prevent the occurrence of the outcome of interest). Briefly, the
implementation takes 4 basic steps:

The parametric g-formula, a form of g-computation, is an
increasingly popular statistical method that tackles several
common challenges in epidemiologic practices. Under certain
conditions and assumptions, it has the potential to permit
causal conclusions from observational studies with complex
longitudinal data structures.'** It appropriately accounts for
time-varying confounder-mediators, where traditional modeling
methods fail>~” It can be used to conduct mediation analysis
in longitudinal settings®'° It offers flexibility in exposure
manipulation and thus can be used to estimate the effects
of hypothetical interventions and policies,'**? the combined

(1) Modeling: Time-varying risks, risk factors, and competing
risks at each time point are modeled as functions of prior
histories of risk factors.

(2) Simulation: A hypothetical cohort is simulated using base-
line factors and coefficients from previously described mod-
els. Data at time t are predicted using data up to time t - 1
and used to simulate data at time t + 1. This simulation with

effects of multiple interventions,”"*> and dynamic treatment no hypothetical intervention applied is often referred to as

strategies.'®” In recent years, the parametric g-formula has the “natural course” scenario.

been widely applied in various fields of epidemiology, including (3) Intervention: Repeat the abovementioned simulation with

occupational, social, environmental, nutritional, chronic disease, an additional step. After data at time t are predicted, manip-

and infectious disease epidemiology."'¥-? ulate the exposure(s) at time t according to the intervention
The statistical procedures for applying the parametric g- of interest. The manipulated values are used to predict sub-

formula in longitudinal settings have been clearly described sequent data.

by Taubman et al?® The method simulates and compares (4) Estimation: The population risk under each simulated sce-

counterfactual scenarios using data, including baseline and time- nario is calculated as the average of subject-specific risks.

varying risk factors (e.g., exposures, treatments, and covariates Risk under a hypothetical intervention is compared with
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the risk under the natural course or under an alternative
intervention to calculate risk differences or risk ratios.

One major limitation of the parametric g-formula is that, like
all parametric methods, the validity of risk estimates relies on the
correct specification of all parametric models. This assumption
of non-misspecification cannot be tested empirically. In complex
data structures with multiple time-varying variables, the correct
specification of all parametric forms in the models for all vari-
ables can be implausible.

Although the non-misspecification assumption cannot be ver-
ified, it can be evaluated by comparing the simulated natural
course scenario with the observed data, using nonparametric
Kaplan-Meier estimates based on the observed data in the pres-
ence of censoring *%3! If the parametric models capture the true
underlying causal mechanisms, the simulated natural course
scenario should match the observed scenario. In other words, the
close resemblance between the natural course and the observed
scenarios (referred to as good “natural course performance” for
simplicity in the rest of this article) is a necessary but insufficient
condition of the non-misspecification assumption.

The natural course performance has a multidimensional
nature, especially in longitudinal settings. First, there are often
many time-varying variables, including exposures, covariates,
risks, and competing risks, for which natural course performance
can be evaluated. Second, for each variable, there are multiple
time points at which natural course performance can be
evaluated. Third, for each variable at each time point, the density
distribution across individuals or units can also be compared.
No study has discussed at which dimension(s) the natural
course performance can be sufficiently evaluated. Even for the
first dimension, there has been no qualitative or quantitative
criterion established for a “good” or “acceptable” natural course
performance. The evaluation of natural course performance
is not compulsory in published applications of the parametric
g-formula but is considered a “good practice.”! Whether and how
to assess the potential violation of the key non-misspecification
assumption, on which the validity of effect estimates relies, has
been largely left to the discretion of the authors.

Here, we first review the existing literature on parametric
g-formula applications in observational longitudinal settings
and summarize the current practices of parametric model form
selection and natural course performance evaluation. After that,
we use the United Autoworkers-General Motors cohort (UAW-
GM) study as a motivating example to explore the limitations of
these common practices as support for the non-misspecification
assumption of the g-formula.

Review of current practice
Methods

We reviewed current practices in applying the parametric
g-formula in epidemiologic studies. Using the Sysrev online
platform,* we retrieved PubMed-indexed articles published in
and before October 2023 that included “parametric g-formula” or
“parametric g-computation” in the title or abstract. We further
restricted to articles that met all the following criteria:

(1) Epidemiologic applications of the parametric g-formula.
Review articles, commentaries, statistical tutorials, and
method comparisons were excluded.

(2) Observational studies. Studies that utilized data collected
from randomized controlled trials were excluded.

(3) Longitudinal data structure.

We reviewed and summarized the following aspects of the
selected studies:

(A) The type of exposure and outcome variables being studied.
If multiple exposures or outcomes were examined in 1 study,
the exposure or outcome class of the majority was recorded.

(B) The purposes of applying the parametric g-formula method,
as stated in the methods section while describing the
method and/or in the discussion section while discussing
the advantages of the method.

(C) Whether and how the authors argued for the general non-
misspecification of parametric forms in their g-formula
models. If the authors compared the simulated natural
course scenario and the observed scenario, we further
reported what variables were compared and whether the
comparison was made at the end of follow-up only, at all
time points, or as a summary mean or median across all
time points.

Results

Figure 1 summarizes the roadmap for the literature search. We
retrieved 192 articles with “parametric g-formula” or “paramet-
ric g-computation” keywords in the abstract or title, among
which 114 were epidemiologic applications of the parametric
g-formula. After restricting to observational studies with a
longitudinal data structure, 86 articles were selected for further
review“ll-‘lS,17—29,33-100

The 86 articles studied the following exposure classes: behav-
ioral exposures such as diet, smoking, and alcohol consumption
(27%); clinical exposures such as treatment types and strategies
(26%); occupational exposures, including workplace exposures,
unionization, and retirement (21%); social exposures such as
education, urbanization, and poverty (9%); environmental expo-
sures such as air pollution and heavy metal (7%); and other
exposures (10%). The classes of outcomes studied were all-cause
mortality (33%), cardiovascular outcomes (16%), psychological
outcomes (10%), cancer incidence or mortality (8%), neurological
outcomes (7%), clinical outcomes (5%), nonmalignant chronic
diseases (5%), and other outcomes (16%). Four main purposes
for applying the parametric g-formula were reported: addressing
time-varying confounding (85%), applying hypothetical interven-
tions (76%), supporting causal conclusions (42%), and conducting
causal mediation analyses (10%).

Good natural course performance is the most common
evidence offered to support the non-misspecification assumption,
but the amount of supporting information presented greatly
varies. Table S1 summarizes the information reported for natural
course performance in the 86 eligible studies. A total of 63 (73%)
studies reported some comparison between the natural course
and the observed scenario, and all of them reported comparisons
for the outcome variable; fewer reported comparisons for the
exposure variables (42%) or time-varying covariates (41%). Forty-
four studies reported comparisons at all time points for the
outcome variables. Others compared simulated variables at the
last time point only or compared a single mean or median across
all time points. Only 25 (29%) of studies reported natural course
performance for all variables at all time points.

The time trends in reporting natural course performance for
outcome variables are illustrated in Figure 2. Since the first
eligible study was published in 2009 and the second in 2012,
we observed an increasing number of parametric g-formula
applications in observational studies with a longitudinal data
structure. However, as the method has become more popular, less
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N=192

PubMed indexed articles with “parametric g-formula” or
“parametric g-computation” keywords in abstract/title

Reviews, statistical tutorials, statistical method
comparisons and discussions, commentaries
N=76

Semi-parametric g-formula studies
N=2

N=114

Epidemiological applications of parametric g-formula

Studies that utilized data from randomized trials
N=6

Studies with cross-sectional data structure
N=22

observational, longitudinal settings
N=86

Epidemiological applications of parametric g-formula in

Figure 1. Roadmap of a literature search and inclusion for epidemiologic applications of the parametric g-formula in observational and longitudinal
settings. Note: All studies were initially retrieved on the same day in October 2023.

evidence in support of the non-misspecification assumption has
been reported. All studies published in or before 2017 reported
some information on the natural course performance of the
outcome variable. Since 2018, the proportion of studies that
reported little to no information on natural course performance
has been increasing.

Other methods have been proposed for model selection or eval-
uation of model misspecification. Sadinski et al®> compared the
parametric g-formula with the inverse probability of treatment
weighting and found similar risk estimates. They also selected
flexible g-formula models based on the Akaike information cri-
terion (AIC).%> Inoue et al’! used machine learning algorithms to
find the best predictive model, applied 10-fold cross-validation
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Figure 2. Natural course performance for outcome variables reported in
studies that applied the parametric g-formula in observational and
longitudinal settings, summarized across calendar years. Note: All time:
The distributions of the outcome variable in the observed scenario and
the natural course scenario were compared at every time point. End: The
distributions of the outcome variable in the observed scenario and the
natural course scenario were compared only at the last time point. None:
No comparison between the observed and the natural course scenario
was reported for the outcome variable.

to minimize the risk of overfitting, and measured the predic-
tion performance with the area under the receiver operating
characteristic curve (AUC) and the confusion matrix. Mathisen
et al®® evaluated model predictivity using concordance statis-
tics and assessed model generalizability using internal-external
cross-validation. Ibsen et al*® conducted a sensitivity analysis
using different model specifications and found stable results
across model sets attempted.

Overall, there has been no consensus on adequate model
selection and methods for misspecification risk evaluation among
published parametric g-formula applications. Most published
applications present only natural course performance for the
outcome as evidence against model misspecification.

Motivating example
The UAW-GM cohort

The UAW-GM cohort has been described extensively.'9-1% Briefly,
the original cohort included 46 306 hourly workers hired between
1938 and 1982 who worked for at least 3 years at 3 automo-
bile manufacturing plants in Michigan. We restricted this moti-
vating example to those who worked in the Detroit plant. For
each worker, follow-up started at the fourth year of employment
and ended at death, age 94, or December 31, 1994, whichever
occurred first. The final analytic data set included 9288 workers,
contributing to 259671 person-years. Participant characteristics
were obtained from company job records and are summarized in
Table 1. Baseline characteristics include sex, race, year of entering
the cohort, and total metalworking fluid (MWF) exposure during
the first 3 years of employment. Time-varying covariates include
age, calendar year, and employment status (active vs inactive).
The exposure of interest is total MWF exposure. The quanti-
tative exposure assessment has been described in previous pub-
lications.'®-1% Briefly, a time-varying job exposure matrix was
constructed based on hundreds of personal and area samples
collected in the 1980s across jobs and departments, as well as
historical industrial hygiene records. For each person-year, annual
time-weighted average daily occupational exposures to straight,
soluble, and synthetic MWFs were estimated based on the job
exposure matrix and detailed job records. Annual total MWF
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Table 1. Summary of study population characteristics and metalworking fluid (MWF)
exposures in the United Autoworkers—-General Motors cohort (UAW-GM).

Study population (n = 9288)

n % Median (IQR)

Race/ethnicity

Black 3353 36.1

White 4451 47.9

Unknown 1284 13.8
Sex

Female 530 5.7

Male 8758 94.3
Year hired 1960 (1950-1969)
Age hired (years) 26 (21-34)
Duration of employment (years) 16 (5-23)
Duration of follow-up 30 (22-38)
Annual MWF exposure during employment (mg/m?) 0.4 (0.2-1.3)
Lifetime cumulative MWF exposure (mg/m?>-yr) 11.6 (5.2-25.7)

Note: We restricted to hourly workers hired between 1938 and 1982, who worked for at least 3 years in
the Detroit plant, were at least 16 years old when hired, and were missing less than half of the

employment history.

exposure (mg/m?) was calculated as the sum of exposures to the
3 MWF classes. Cumulative total MWF exposure at each person-
year was calculated as rolling sums of the annual total MWF
exposures.

Vital statuses were determined by linking with the Social Secu-
rity Administration, death certificates, plant records, state mor-
tality files, and the National Death Index. Causes of death were
determined from state vital records, death certificates, and the
National Death Index Plus.

Methods

We applied the parametric g-formula to assess the relationship
between occupational MWF exposure and cardiovascular disease
(CVD) mortality using the SAS GFORMULA macro.'%® The macro
applies Monte Carlo simulation and bootstrap sampling. It sup-
ports 3 types of outcomes, 4 types of interventions, 7 types of
dependent variable transformations, and various independent
variable specifications with flexible knots. We explored 20 model
sets with different parametric specifications and assessed the
natural course performances. We simulated CVD mortality and
competing risk (deaths due to other causes) as outcomes, annual
and cumulative MWF as exposures, follow-up year, calendar year,
age, and leaving work as time-varying covariates. A simplified
directed acyclic graph illustrating the causal pathways in this
analysis is presented in Figure S2. All parametric forms in all
model sets are summarized in Appendix S3, and the sample code
for 1 model set is provided in Appendix S4. For each time-varying
variable in each model, we plotted the annual average in the
natural course scenario and the observed scenario over follow-
up years. We visually assessed natural course performance for
all time-varying variables by comparing how closely the natural
course curve resembles the observed curve and classified natural
course performance into 4 categories: (1) good, (2) slight devia-
tion, (3) moderate deviation, and (4) severe deviation. Qualitative
criteria for this visual categorization and examples of natural
course performance in each category are described in Figure S5.
We then categorized the 20 model sets into 4 natural course
performance tiers (1-4, from best to worst) based on the overall
natural course performances of all modeled time-varying vari-
ables. Note that if the natural course plot for a particular covariate
X shows deviation from the observed averages over time, this does

not necessarily imply that the model for X is misspecified. If X
depends very strongly on another covariate L, and the model for
L is misspecified, then the natural course performance of X will
suffer even if X is modeled correctly. Thus, the assessment of
natural course performance applies to the entire set of models
and is based on the entire set of plots for all covariates. Apart from
the qualitative visual assessment of natural course performance,
we also calculated the sum of AICs across the prediction models
for all simulated variables and evaluated whether it can be used
as a quantitative measure to select model sets with satisfactory
natural course performance.

Finally, we applied a hypothetical intervention that sets a maxi-
mum annual MWF exposure threshold at 0.5 mg/m? (the National
Institute for Occupational Safety and Health recommended expo-
sure limit) and recorded the estimated intervention effects under
these 20 model sets. This threshold intervention is more depen-
dent on the simulated natural values of the exposure, compared
to deterministic interventions that set all exposures to certain
values. Risk ratios (RRs) of CVD mortality at 60, 70, and 80 years
old comparing the intervention scenario to the natural course
scenario were recorded. We hypothesize that model sets produc-
ing better natural course performances capture the underlying
causal relationships between time-varying variables better, pro-
duce point estimates closer to the true causal effects, and also
produce point estimates closer to each other.

Results

The natural course performance for all time-varying variables
varied considerably across the 20 parametric model sets evalu-
ated, although most (17 of 20) had good natural course perfor-
mance for the outcome variable (Table S6). Figure 3 illustrates
the natural course performance for a tier 1 (best-performing)
model set (model set 2): The time-varying distributions of all
variables behave similarly under the natural course scenario
and the observed scenario. Figure 4 illustrates the natural course
performance for a tier 4 (worst-performing) model set (model
set 20). Although the outcome variable was simulated close to
the observed scenario, there are apparent deviations between the
natural course and the observed scenarios for other variables.
This poor natural course performance for model set 20 indi-
cates that those parametric models do not reflect the true causal
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Figure 3. Natural course (dashed line) vs observed (solid line) scenarios for time-varying variables over follow-up years in one of the best-performing
parametric g-formula model sets (#2). Note: The x-axis indicates follow-up years. The y-axis indicates the average level of modeled time-varying

variables.

relationships among the time-varying variables and implies that
the non-misspecification assumption is violated. This failure at
the modeling stage, which is the first and fundamental step of
the parametric g-formula, causes potentially poor simulations of
the counterfactual scenarios of interest at the simulation and
intervention stages, resulting in biased effect estimates at the
estimation stage. This potential bias is more apparent if the inter-
vention of interest is dependent on the simulated natural value of
exposure. For example, MWF exposure is severely underpredicted
in model set 20. A hypothetical intervention that sets a maximum
annual MWF exposure threshold of 0.5 mg/m? will be intervening
on much fewer person-years than would have been affected under
the observed scenario; this would yield biased estimates for the
causal effect of interest.

We calculated the sum of AICs across all modeled time-varying
variables and found that a lower sum of AICs at the modeling
stage is not a sensitive indication of better natural course perfor-
mance at the simulation stage (Table S6). Although the average
sum of AICs is lower among the tier 1 (best-performing) models
compared with tier 2 and tier 3 models, some of the tier 4 models

produced a lower sum of AICs than some tier 1 models. For
example, if we select a parametric model set with the lowest sum
of AICs across all modeled variables, we will end up with model set
5, which has the worst overall natural course performance among
the 20 model sets attempted (Figure S7).

Figure 5 summarizes the estimated RRs for the hypothetical
intervention of setting a maximum annual MWF exposure limit of
0.5 mg/m? at different ages by natural course performance tiers.
At the selected ages of 60, 70, and 80 years, the tier 1 model sets
produced similar RRs with a narrow range (eg, 0.96-0.98 at age
60). By contrast, all model sets yielded a much larger range of
RRs (0.92-1.04), indicating potential model misspecification bias
in both directions for models with unsatisfactory natural course
performances.

Discussion

We applied the parametric g-formula to analyze the relationship
between MWF exposure and CVD mortality in the UAW-
GM cohort and qualitatively evaluated the natural course
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performance under different parametric specifications. More
detailed exposure-response analyses on occupational MWF
exposures and CVD outcomes in the full UAW-GM cohort
have been published elsewhere.!-'"? We found that even if
the variables being modeled and the sequence in which they
are modeled remain the same, the performance of natural
course simulation can vary substantially under different model
specifications. A poor natural course performance (Figure 4)
indicates that the parametric models specified do not capture the
true causal relationship among time-varying variables, that the
non-misspecification assumption of the parametric g-formula
is violated, and that the effect estimates of the hypothetical
interventions of interest are likely to be invalid (an unlikely
exception is described in Appendix S8). We also found that model
sets with better natural course performances produce effect
estimates that are similar to one another (Figure 5), consistent
with our hypothesis that good natural course performance
indicates better capture of the true causal relationship and results
with less risk of bias.

We concur with the previous recommendations by Rudolph
et al*’: Models should be chosen based on the best natural course
fit as long as all necessary variables are considered. We further
recommend that applications of the parametric g-formula include
reports of natural course performance for all modeled time-
varying variables at all follow-up time points to minimize the risk
of model misspecification. Reporting natural course performance
only for the outcome variable is insufficient: Even if the simulated
outcome variable under the natural course closely resembles the
observed data, the time-varying exposure variables and covariates
may still be poorly simulated (Figure 4). Reporting natural course
performance for all time-varying variables only at the end of
the follow-up or at a single time point is also insufficient; in
the poorly performing natural course simulations, the average
value of the time-varying variables under the natural course
and the observed scenario may still converge at the last time
point (Figure 4). The evaluation of natural course performance at
all time points is especially important if the research question
involves comparing outcome risks at time points other than the
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end of follow-up. In addition, the population size will shrink over
time in closed cohorts with long follow-ups. In the UAW-GM study,
the average observed risk and competing risk curves became less
smooth after 45 years of follow-up (Figure 3) because the observed
population size shrank from 9288 to 1080 after 45 years and to
162 after 50 years of follow-up. The observed distributions of the
variables have much smaller sample sizes and larger standard
errors toward the end of the follow-up. Thus, the natural course
performance at the last time point should not be considered more
important than other time points.

Among published applications of the parametric g-formula in
observational longitudinal settings, reporting natural course per-
formance is the most common way to demonstrate model validity
and non-misspecification. However, the amount of information
presented varies across studies, without a common standard.
If we consider satisfactory natural course performance for all
time-varying variables at all time points as a necessary (but
not sufficient) condition for model non-misspecification, then
71% of studies reviewed did not report enough information to
evaluate this condition. This underreporting of natural course
performance could increase the risk of biased estimates, as well
as statistical cherry-picking. In addition, few studies reported a
priori selection plans for model parametric forms. If neither the
natural course performance nor the model selection processes are
reported, authors could potentially explore many different model
sets with different parametric forms and report only the one
with the largest effect estimate, even though the natural course
simulation of the selected model set performs poorly, and the non-
misspecification assumption appears violated. For example, the
model set that yielded the largest reduction of CVD risk at 60 years
old was model set 1 (RR = 0.92), although it is a tier 3 model
that had moderate deviations between the natural course and
the observed scenarios for MWF exposure (Figure S9). Model set
1 should either be rejected or, if no better model set is identified,
be presented with strong caveats about its validity.

An important limitation of our graphical assessment of nat-
ural course performance is that it is qualitative, subjective, and
bounded by what we observed from the 20 model sets attempted.
No quantitative criterion for good natural course performance has
been proposed. We considered whether the sum of AICs could be
used as a quantitative assessment of the non-misspecification
assumption. However, in the UAW-GM example, a lower sum of
AlCs was not a sensitive indicator of better overall natural course
performance. Another shortcoming of AIC in the parametric g-

formula is that AICs are not directly comparable between models
for different dependent variables.

Quantitative measurements of natural course performance or
total model misspecification at the simulation stage need to be
developed and should (1) have magnitudes that are comparable
across variables, (2) account for the different number of observa-
tions at each time point (e.g., shrinkage of population size over
long follow-ups), and (3) consider applying cross-validation or
other methods to avoid overfitting. The model selection methods
proposed by Inoue et al’* and Mathisen et al®® that incorporated
AUC or concordance statistics with machine learning and cross-
validation could be a good starting point for developing quan-
titative measures of natural course performance. For example,
AUC may be considered because of its finite range from 0 to
1, simple interpretation, and generalizability, which meet the
criterion (1) described above. Cross-validation is preferable to
prevent overfitting during modeling, which can lead to poor sim-
ulation performance. Before such quantitative measures become
available, researchers could also assess the risk of bias due to
potential model misspecification by comparing the effect esti-
mates from different parametric model sets, as demonstrated by
Ibsen et al.*

Reliance on the non-misspecification assumption is an impor-
tant limitation of the parametric g-formula and parametric meth-
ods in general. However, parametric methods have advantages
over their nonparametric counterparts, such as higher statistical
power and providing informative estimates with higher gener-
alizability.!'*-1"> For example, Yu et al'’® found that compared
with the parametric g-formula, nonparametric targeted mini-
mum loss-based estimation was more sensitive to the inclusion of
different covariates. Alternatively, the iterated conditional expec-
tations (ICE) g-formula is another version of the parametric g-
formula, which requires only the outcome models to be correctly
specified and relaxes the non-misspecification assumption.!*/-118
However, the ICE g-formula is less flexible, does not simulate the
natural values of variables, and is therefore less applicable when
evaluating interventions that depend on the natural value of the
exposure.

By pointing out the potential variations of the natural course
performance under different parametric specifications, we advo-
cate for more standardized and transparent evaluation practices
for the non-misspecification assumption in future applications
of the parametric g-formula. Methods for objective, quantitative
evaluation of model misspecification in the parametric g-formula
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need to be developed to promote more widespread use of this
powerful analytic approach to causal inference.
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