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Mathematical models are able to ref lect biological processes and to capture epidemiologic data.Thus, they may
help elucidate roles of risk factors in disease progression. We propose to account for smoking, hypertension, and
dyslipidemia in a previously published process-oriented model that describes the development of atherosclerotic
lesions resulting in myocardial infarction (MI). The model is sex-specific and incorporates individual heterogeneity.
It was applied to population-based individual risk factors and MI rates (Cooperative Health Research in the Region
of Augsburg (KORA) study) together with subclinical atherosclerotic lesion data (Pathobiological Determinants
of Atherosclerosis in Youth (PDAY) study). Different model variants were evaluated, testing the association of
risk factors with different disease processes. Best fits were obtained for smoking affecting a late-stage disease
process, suggesting a thrombogenic role. Hypertension was mainly related to complicated, vulnerable lesions.
Dyslipidemia was consistent with increasing the number of initial lesions. By accounting for heterogeneity,
individual hazard ratios differ from the population average. The mean individual hazard ratio for smoking was
twice the population-based hazard ratio for men and even more for women. Atherosclerotic lesion progression
and MI incidence data can be related in a mathematical model to illuminate how risk factors affect different phases
of this pathological process.

atherosclerosis; biological models; cardiovascular risk factors; computer simulation; myocardial infarction;
survival analysis

Abbreviations: AIC, Akaike information criterion; CVD, cardiovascular disease; HDL, high-density lipoprotein; HR, hazard
ratio; KORA, Cooperative Health Research in the Region of Augsburg; MI, myocardial infarction; PDAY, Pathobiological
Determinants of Atherosclerosis in Youth.

Editor’s note: An invited commentary on this article
appears on page 1776, and the authors’ response appears
on page 1781.

Risk factors for a disease are established essentially by
two different kinds of observations. On the one hand, statisti-
cal associations between risk factors and disease are derived
in epidemiologic studies. On the other hand, the patho-
physiological mechanism of the risk factor on the disease
can only be understood with biological experiments. Both
independent approaches are crucial for inference of relevant,

causal effects. Here, we want to demonstrate that both the
epidemiologic approach and the biological approach can be
combined in a process-oriented mathematical risk model.

On the one hand, integrated, process-oriented modeling
can be informative for risk prediction. To give a simple
example, low-density lipoprotein is strongly involved in
the development of atherosclerotic lesions. The process of
atherosclerosis takes decades from first lesion development
to the first clinical manifestation, such as myocardial infarc-
tion (MI). Therefore, present cholesterol levels have impact
on the risk later in life, and a process-oriented model can
provide a reasonable age-risk pattern beyond what can be
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derived from epidemiologic data alone. On the other hand,
risk factors may affect chronic disease development via sev-
eral biological mechanisms, and process-oriented modeling
can help to identify the most relevant ones with regard to
the observed risk. Thus, process-oriented models have the
potential to inform schemes of risk stratification across the
life span and thus identify individuals who can benefit most
from therapeutical intervention.

Process-oriented models have long tradition in particular
for cancer (1–5). They are popular in radiation research but
have also been applied to other risk factors (6, 7). The present
study investigates roles of risk factors for MI, applying a
previously published model of atherosclerosis and subse-
quent MI (8). The general approach is inspired by earlier
cancer modeling but there is a main difference: In the present
study, we strongly take advantage of the fact that there is data
on atherosclerotic lesions in an unselected population. The
model is thus calibrated not only on epidemiologic cohort
data but also on data on subclinical coronary plaques. Our
approach allows us to investigate in the same model the role
of risk factors in risk and in atherosclerotic lesion formation.

METHODS

The basic process-oriented model

Our model is based on the process-oriented model of
atherosclerosis and subsequent risk of MI proposed in
Simonetto et al. (8). Briefly, the model characterizes the state
of atherosclerosis progression by the area of the coronary
artery involved with lesions of increasing severity: fatty
streaks, fibrous plaques, and complicated lesions. At birth,
the coronary artery is assumed to be free from any lesion.
New lesions are supposed to form with rate νk, where k = 1
refers to fatty streaks, k = 2 to fibrous plaques, and k = 3 to
complicated lesions. Fibrous plaques can only form within
an area of fatty streaks and complicated lesions can only
form from fibrous plaques. Lesion formation is modeled as a
stochastic process and with a probability proportional to the
susceptible area. The size of new lesions is denoted by s.

Logistic growth is assumed with growth rates γk to ensure
that lesions of grade k can only progress within the area
involved with lesions of grade k − 1. Lesion growth rates
are assumed to be normally distributed in the population.
Finally, risk of MI was modeled to be proportional to the area
involved with complicated lesions, with a proportionality
factor νh. A schematic model representation is presented in
Figure 1 and an exemplary sequence sketched in Figure 2.

Epidemiologic data

Cross-sectional epidemiologic data was retrieved from
the Cooperative Health Research in the Region of Augsburg
(KORA) S3 survey (n = 4,856), conducted in 1994/1995,
and S4 survey (n = 4,261), conducted in 1999/2001. Further
details on the surveys are given in Löwel et al. (9). Briefly,
participants aged 25 to 74 years were randomly sampled
from the region of Augsburg, Southern Germany. All
participants underwent a standardized interview and medical

examination. Based on self-reported smoking behavior,
participants were categorized as current, former, or never
smokers. In the S3 study, data on the age of smoking
initiation and cessation were also recorded. Furthermore,
participants were asked about medication intake, including
antihypertensive and lipid lowering medication. Blood pres-
sure was measured under strictly standardized conditions
with 3 recordings at least 3 minutes apart. The arithmetic
mean of the second and third recording was used as the
final value. Total serum cholesterol was measured by an
enzymatic method. High-density lipoprotein (HDL) was
measured after precipitation of the apoprotein B–containing
lipoproteins with phosphotungstate/magnesium2+. Self-
reported MI cases were validated by the treating physician,
review of medical records, and the official MI registry of the
Klinikum Augsburg. We excluded participants with preva-
lent MI at baseline and participants with missing information
on MI, smoking, blood pressure, or serum cholesterol.
Epidemiologic data were available at the individual level.

Subclinical data

Subclinical data was derived from the large US pathology
study, Pathobiological Determinants of Atherosclerosis in
Youth (PDAY) (10), for which arteries from 1,532 persons
were collected during the years 1987 to 1990. Arteries were
retrieved from persons aged 15–34 years who had died from
external causes. The types of lesions in the right coronary
artery were quantified as well as their extent, measured as
the total percentage of intimal surface area involved. Data
were evaluated in 5-year age categories according to sex
and ethnicity. Prevalence of lesions, prevalence of signifi-
cant lesions, and mean area and their standard deviations
were published for all lesions and for raised lesions. For
complicated lesions, only the prevalence was published. For
model calibration, we used only data on those with White
ethnicity, for comparability with the KORA studies. The
association of lesion extent with several risk factors was
published in subsequent studies (11–14). However, these
data were published only in an adjusted and aggregate form.
Therefore, they were not used for calibration of the process-
oriented model. Instead, they were used to juxtapose the
model results with actual data.

Fitting procedure and inclusion of risk factors

For each member of the epidemiologic cohort, the
process-oriented model was simulated 1,000 times. Indi-
vidual levels of smoking, blood pressure, HDL-, and non-
HDL cholesterol were taken into account as these factors
had the most significant impact on risk in a preliminary
analysis described in Web Appendix 1. The risk factors
might affect atherosclerosis development at several stages.
In the model, this means that any of the parameters νk, γk, νh
(with k ∈ {1, 2, 3}) can be modified. For simplicity, we tested
for each risk factor only one parameter at a time. Transition
rates νk, νh are positive and risk factor dependence is thus
modeled with an exponential factor. As growth rates γk can
be negative in principle, risk factors were assumed to affect
growth rates linearly. Smoking was included as a binary
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1768 Simonetto et al.

Figure 1. Schematic representation of the model of atherosclerosis development and subsequent myocardial infarction. New lesions emerge
with rates ν1, ν2, and ν3 and size s from lower-grade lesions or the normal artery wall. Existing lesions grow with rates γ1, γ2, and γ3. With rate
νh, complicated lesions give rise to myocardial infarction. Adapted from Simonetto et al. (8).

variable. Risk factor levels were assessed only at the time
point of examination but the simulations cover the entire
life span. Therefore, the age-dependence of risk factors was
imputed as described in Web Appendix 2.

As a measure of goodness-of-fit to both the epidemio-
logic and subclinical data, a total deviance was calculated
from the simulations. The goodness-of-fit related to the
epidemiologic data was based on an individual likelihood.
Goodness-of-fit to the subclinical data was based on all
simulations, averaging over different risk factor levels. Tech-
nical details are explained in Web Appendix 3. Of note, fits
with risk factor-dependent growth rates γk always revealed
a similar or worse goodness-of-fit compared with a model
variant with risk factor-dependence in an adjacent transition
parameter. Thus, results on model variants with risk factor-
dependent growth rates are not presented.

When comparing different model variants, the number
of model parameters remains unchanged and differences
in the deviance correspond to differences in the Akaike
information criterion (AIC). A model variant is disfavored
at the 95% confidence level if its deviance is more than
5.9 points above the model variant with minimal deviance
(15). Due to the finite number of samples, there is some
uncertainty in the deviance calculation (see Web Appendix
4). To benchmark the process-oriented model, a traditional
descriptive model was used (see Web Appendix 5). The
process-oriented model provides a link between the inter-
individual heterogeneity in the extent of lesions, and the
inter-individual heterogeneity in risk. This enables calcula-
tion of so-called conditional hazard ratios (HRs) (see Web
Appendix 6).

Penalized cubic splines were applied to indicate age
dependencies inherent in the data. Analysis with the process-

oriented model relies on a purpose-built C++ (https://
isocpp.org/) software (8). The preliminary and compara-
tive descriptive analyses were performed with MATLAB
R2020a (MathWorks, Natick, Massachusetts).

RESULTS

Studies

The final sample size of the epidemiologic data consists
of 8,499 participants with 132,268 person-years and 454
incident cases of MI up to age 80 years. The mean follow-
up for MI was 17.7 years and 14.4 years within the S3 and
S4 study, respectively. Sex-stratified, age-dependent cohort
means and standard deviations of systolic blood pressure,
HDL cholesterol, and non-HDL cholesterol are provided
in Web Table 1 (available at https://doi.org/10.1093/aje/
kwac038). Prevalence of smoking, hypertension, and unfa-
vorable levels of HDL and non-HDL cholesterol levels are
shown in Table 1 together with the corresponding values
from the PDAY study. In the subsample younger than 35
years, prevalence of most risk factors in the KORA study
is similar to PDAY. However, there is a notable difference in
the prevalence of unfavorable HDL levels (6.8% vs 19%).

Model results

Smoking. Risk factors were successively included in the
model, starting with smoking. Different model variants
were fitted; for each variant a specific model parameter
was assumed to change during the active smoking period.
Resulting deviances are shown in Table 2 for variants with

Figure 2. Sketch of possible early plaque development in the model. A first fatty streak appears after some time �a0 with area F1 = s.
Subsequently it expands with growth rate γ1. At the last depicted time point, part of the fatty streak has become a fibrous plaque, with area
F2 = s. The intimal surface area involved with fatty streaks and more advanced lesions results from further growth of the first fatty streak and
from the origin of a second fatty streak. Adapted from Simonetto et al. (8).
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Table 1. Prevalence of Risk Factors in the Cooperative Health Research in the Region of Augsburg Surveys (Germany, 1994–2001) and the
Pathobiological Determinants of Atherosclerosis in Youth Study (United States, 1987–1990)

Study Group Active Smoking, % Hypertension, %
Unfavorable HDL

(<0.91 mmol/L)a , %
Unfavorable Non-HDL
( ≥4.14 mmol/L)a , %

KORA 24 39 7.9 57

KORA, age <35 yearsb 33 11 6.8 34

PDAY 44 16 19 28

Abbreviation: HDL, high-density lipoprotein; KORA, Cooperative Health Research in the Region of Augsburg; PDAY, Pathobiological
Determinants of Atherosclerosis in Youth.

a Thresholds for lipid levels were adapted from McGill et al. (14).
b For direct comparison, KORA results are also shown restricted to ages below 35 years, the maximum age in the PDAY study.

smoking-dependent transition rates νk (k ∈ {1, 2, 3}) and
νh. Based on AIC, the only valid models were those with a
change in the late disease stages, such as formation (ν3) of
complicated lesions and occlusion at the site of the plaque
(νh). The differences in the deviance can be understood
by the fact that in the process-oriented model, the age-
trend of the risk is directly related to the parameter affected
by smoking. For an effect on a late stage of an already
existing disease, the impact on risk is fast. On the other
hand, the increase in risk may be lagged by decades after
an increase in early fatty streaks. This is illustrated in Web
Figure 1.

The model fit implies that smoking affects mainly a late
disease stage. Therefore, there should be no substantial
difference in the extent of fatty streaks and raised lesions
between smokers and nonsmokers. Indeed, no such differ-
ence was observed in actual data (12). This is illustrated in
Figure 3A and 3E. The figure refers only to men, but the
same conclusions could be drawn for women. Other model
variants are excluded. Variants of the process-oriented model
with smoking associated with first lesion formation ν1 (light
gray bars) show substantial differences to the actual extent
of fatty streaks, and variants with smoking associated with
the transition rate to raised lesions ν2 (medium gray bars)
substantial differences to the actual extent of raised lesions.

Therefore, these variants are excluded by poor model fit to
the epidemiologic data and, independently, as they predict
a substantial association between smoking and the extent of
early lesions. Model variants ν3 and νh differ only in their
prediction on complicated lesions. However, there is only
limited information on complicated lesions in the PDAY
study, which is thus not shown in Figure 3. Therefore, we
evaluated smoking associated with νh, corresponding to an
effect of smoking on thrombosis.

According to our best estimates, νh was 4.5-fold increased
for male and even 11-fold increased for female smokers
compared with nonsmokers. As νh parameterizes the very
last process, this fold increase directly translates to a fold
increase in the individual hazard, which is illustrated with
a dotted line in the left panel of Figure 4. Despite this large
increase in individual risk, a lower HR is observed at the
population level; see the dashed line in Figure 4. Within
the group of smokers, more infarctions occur, leading to a
stronger selection of individuals without extensive compli-
cated lesions. This leads to an attenuation of the marginal
hazard, and this attenuation is stronger in smokers and
increases with age.

In traditional descriptive analyses, selection effects are
not accounted for, and only marginal HRs can be de-
rived. Assuming age-independence, the descriptive model,

Table 2. Total Deviance Improvements for Various Model Variants Compared With a Model Without Risk Factors Included

Men Women

Parametera

+ Smokingb + Blood
Pressureb,c

+ Lipid
Levelsb,c + Smokingb + Blood

Pressureb,c
+ Lipid

Levelsb,c

ν1 13.4 65.7 86.2 1.3 61.8 81.6

ν2 5.7 57.1 81.1 11.5 45.9 77.8

ν3 41.5 68.0d 88.8 25.0 72.9d 82.8

νh 38.7d 60.7 88.3 30.9d 66.2 83.5

a See Figure 1 for definition of the parameters.
b In each row, the deviance improvement is shown for a model with the risk factor acting only on the specific model parameter.
c For each column from left to right, an additional risk factor was taken into account in the model, building on the preferred model of the

previous column.
d Preferred model.
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Figure 3. Observed and modeled extent of fatty streaks and raised lesions in men by age and risk factor levels. Horizontal lines show
observations: Adjusted estimates (solid lines) and standard errors (dotted lines) from the US Pathobiological Determinants of Atherosclerosis in
Youth (PDAY) autopsy study for smoking, cholesterol (12) and hypertension (13). The bars show the corresponding results from different model
variants. In each variant, one model parameter is associated with the relevant risk factor. Groupings correspond to age categories in years, either
ages 15–24 and 25–34 or ages 20–24, 25–29, and 30–34. The panels show the relationships of: A) smoking to fatty streak area; B) hypertension
to fatty streak area; C) high-density lipoprotein (HDL) cholesterol to fatty streak area; D) non-HDL cholesterol to fatty streak area; E) smoking to
raised lesion area; F) hypertension to raised lesion area; G) HDL cholesterol to raised lesion area; H) non-HDL cholesterol to raised lesion area.
For definition of the parameters see Figure 1. Fatty streaks and raised lesions do not depend on risk factor levels for model variants ν3 and νh.
Thus variant νh is not shown. Of note, the presented PDAY results were not used for model calibration, which is based solely on myocardial
incidence data (9) and risk factor–agnostic lesion data (10), restricted to White ethnicity. NT, normotensive; HT, hypertensive; L, lower tertile; M,
mid tertile; H, upper tertile.

equation 1 in the Web Appendix 1, yielded HRs of 2.3 for
men and 3.1 for women. The age dependence was analyzed
by a spline and is illustrated with solid lines in Figure 4A. As
expected, it roughly agrees with the modeled marginal HR.

Therefore, while it is known that population-based
marginal HRs underestimate individual folds in risk (16),
our analysis shows that the underestimation of the effect of
smoking can be quite strong.

Blood pressure. Next, blood pressure is included in the
model in addition to smoking. One at a time, logarithms of
νk (k ∈ {1, 2, 3}) and νh were tested for linear dependence
on systolic blood pressure and results are again shown in
Table 2. For both, men and women, the best fit was achieved
for blood pressure affecting the transition rate to complicated

lesions, ν3, with deviance improvements of 29.3 for men and
42.0 for women.

Comparison with the actual subclinical data is depicted in
Figure 3B and 3F. In the PDAY study (13) no association of
hypertension with the extent of fatty streaks was observed in
men, and in women hypertension was even associated with
a reduction in fatty streaks (not shown). However, hyper-
tension was associated with a significant increase of raised
lesions for both sexes, for ages above 25 years. Clearly, the
model variant with blood pressure associated only with ν1
(light gray) is in conflict with these observations. The model
variant with blood pressure affecting ν2, the transition rate
to raised lesions, can be expected to qualitatively lead to the
observed behavior: increase of the extent of raised lesions,
and even some decrease of fatty streaks by a faster transition
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Figure 4. Hazard ratios (HRs) for certain levels of risk factors in men compared with a life-long nonsmoker with age-related mean blood pressure
and lipid levels. Dotted and dashed lines correspond to results of the preferred process-oriented model variant. The dotted lines represent the
view of an average individual with enhanced risk factor. The dashed lines represent marginal HRs, which compare groups with different risk factor
levels. Only the marginal HRs can be estimated with traditional descriptive analysis. Marginal HRs decrease with age as the most susceptible
individuals in the high-risk group are most likely to suffer myocardial infarction, thus successively dropping out. For comparison, the result of a
traditional descriptive model is shown, together with 95% confidence intervals. A) HR for smoking initiation at age 18 years. B) HR for a blood
pressure increase by 10 mm Hg. C) HR for an increase in non–high-density lipoprotein cholesterol by 1 mmol/L.

to raised lesions. However, transition to and growth of raised
lesions are more rapid in the model compared with other
transition and growth rates. This made necessary a strong
increase of ν2 if this was the only mechanism leading to
the observed higher risk in hypertensive patients, associated
with an unrealistically large extent of raised lesions (medium
gray). In summary, none of the tested mechanisms alone
can account at the same time for the observed relations of
lesion extent and risk with blood pressure. Association of
risk factors with several parameters, however, is beyond the
scope of the present study. Here we evaluated the variant
with affected ν3 as it led to the best description of risk.

Similar to the HRs for smoking, the marginal HR for
increased blood pressure decreases with age (Figure 4B),
while the mean conditional HR is practically stable. The
descriptive model does barely show a decrease with age but
is consistent with the marginal HR derived from the process-
oriented model.

Lipid levels. For simplicity, HDL and non-HDL choles-
terol were assumed to affect the same process of disease
development. As before, fits were performed modeling the
logarithms of the parameters νk (k ∈ {1, 2, 3}), νh as a linear
function of HDL and non-HDL cholesterol levels.

Resulting deviances are again presented in Table 2. The
total deviance was reduced by up to 21 points for men and 11
for women but no clear pattern emerged from this analysis.

Comparison with the actual subclinical data is depicted in
Figure 3C, 3D, 3G, and 3H. In the PDAY study, associations

have been observed between HDL and non-HDL cholesterol
to the extent of fatty streaks and raised lesions (12). Clearly,
the model simulations with cholesterol-dependent rate of
first lesion initiation ν1 mirrors this observation best.

As can be seen in Figure 4C, the difference between
marginal and mean conditional HR is minor. Reasons
include the smaller effect size and the modification of an
early disease process.

All risk factors. Best estimates of all parameters are shown
in Table 3 together with modeled risk factors dependencies.
For example, for men ν1 was estimated to decrease by
26% for each mmol/L increase of HDL and to increase by
23% for each mmol/l increase of non-HDL cholesterol. Best
estimates for risk factor–independent model parameters are
mostly similar to earlier results with the process-oriented
model (8). Only for γ3 for men, the present best estimate
γ3 = 0.08 does not agree with earlier results, γ3 = 0.31
(95% confidence interval: 0.11, [no upper bound could be
determined]). With the process-oriented model, inclusion of
risk factors improved goodness-of-fit to the epidemiologic
data as much as or even more than with a descriptive model,
see Web Table 2.

DISCUSSION

In this study, we have extended a process-oriented mathe-
matical model of atherosclerosis development and pro-
gression to include individual risk factor levels. We have
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Table 3. Maximum Likelihood Estimates From the Likelihood Profile for the Final Fit

Men Women

Parametera

Estimate CI Estimate CI

ν1
b, 1.4 mmol/l HDL, 4.0 mmol/l non-HDL 0.040 0.034, 0.046 0.054 0.035, 0.081

Factorc for HDL cholesterol 0.74 0.42, 1.14 0.62 0.35, 1.03

Factorc for non-HDL cholesterol 1.23 1.11, 1.43 1.29 0.97, 1.63

γ1
b 0.11 0.10, 0.13 0.11 0.08, 0.13

ν2
b 1.5 1.1, 2.0 0.62 0.32, 1.5

γ2
b 0.32 0.22, 0.49 0.57 0.16, 1.0d

ν3
b, 130 mm Hg 0.051 0.025, 0.10 0.023 0.014, 0.11

Factore for SBP 1.22 1.12, 1.36 1.37 1.23, 1.58

SBP reduction by treatmentf 2.0d 0.9, 2.0d 2.0d 1.4, 2.0d

γ3
b 0.082 0.02, 1.0d 0.15 0.06, 0.25

νh
b, nonsmoking 0.30 0.04, 1.3 0.15 0.06, 0.40

νh
b, during smoking period 1.6 0.09, 5.6 3.4 0.34, 21

σγ
g 0.51 0.36, 0.67 0.57 0.36, 1.2

Abbreviations: CI, confidence interval; HDL, high-density lipoprotein, SBP, systolic blood pressure.
a See Figure 1 for definition of the parameters.
b Rates are given per year.
c Relative increase per mmol/L.
d Maximum value permitted in the fit.
e Relative increase per 10 mm Hg.
f As multiple of the standard deviation of the age-specific distribution of SBP in the study group.
g Individual growth rates are assumed to be normally distributed with mean γk (with k ∈ {1, 2, 3} and standard deviation γkσγ).

incorporated data from a well-characterized population-based
cohort as well as subclinical coronary artery data from
a younger autopsy cohort. The model performed well,
compared with traditional descriptive models, and allowed
for investigating the biological role of individual risk
factors in the pathway of atherosclerosis progression. We
thus conclude that the newly proposed statistical model
is a helpful addition to traditional cardiovascular disease
(CVD) risk models and can contribute to a more thorough
understanding and individualized risk assessment.

Regarding the biological pathways of risk factor effects,
our results corroborate and extend the current literature.
Effects of smoking on atherosclerosis progression are
present at all phases, starting already at endothelial dys-
function (17) and continuing through promotion of unstable
plaques by inducing oxidative stress-related activation
of extracellular matrix proteins (18). However, evidence
points to a major thrombogenic effect of smoking (19):
Cigarette smoke induces expression of tissue factor in
endothelial cells, thus activating the coagulation cascade
and increasing the risk for vascular clotting (20). Smokers
have an elevated immature platelet fraction, which promotes
thrombus formation (21). Furthermore, smoking stimulates
platelet activation and aggregation and is associated with
increased fibrinogen and decreased fibrinolytic capacity,
predisposing for formation and propagation of thrombi (22,
23). Our model is consistent with such a thrombogenic effect
by providing strong statistical evidence that the major impact

of smoking indeed lies within the last stages of disease.
Smoking was associated with HRs of about 2.3 for men
and 3.1 for women (descriptive analysis). Findings from the
population-based Tromsø study showed incidence rate ratios
for MI of 2.2 for men and 2.1 for women for daily smokers
(24). A large study from the United States, based on the
National Health Interview Survey, found HRs for death of
ischemic heart disease of 3.2 for men and 3.5 for women
(25). In a large case-control study within INTERHEART,
current smoking was associated with nonfatal MI with an
odds ratio of 2.95. Of note, this was already reduced for
former smokers to 1.87 1–3 years after quitting (26). A
meta-analysis calculated the relative risk of smoking for MI
to be 2.88, which rapidly decreased within a few years after
cessation to finally yield 1.17 (27). Thus, our findings are
consistent with the literature. The model sheds some light
on the rapid and almost complete decrease of CVD risk
right after smoking cessation: Acute risk of plaque rupture
and thrombus formation is reduced immediately and other
biological effects on lesions are minor.

Hypertension contributes to atherosclerotic progression
by inducing hemodynamic instability and a proinflam-
matory environment. The contribution of hypertension to
atherosclerosis development is multifactorial and covers
multiple phases, from initial endothelial dysfunction to
coronary vasospasm and vessel constriction (28). Our
findings indicate that hypertension is mainly involved
in the formation of unstable lesions. This could be due
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to modulation of blood flow mechanics, as local flow
changes induce lower wall shear stress, increasing the
risk of transformation from stable to unstable plaques
(29, 30). Moreover, hypertension induces up-regulation of
matrix-metalloproteinases, such as MMP-9, which catalyze
the transition from stable lesions to advanced, complex
lesions with necrotic cores (31). A recent animal study
showed that prolonged exposure to hypertension caused
complex lesions, including intraplaque hemorrhage, in
rabbits with both hypertension and hypercholesterolemia;
however, no rupture or aneurysms occurred in the aorta
(32). This is in line with our results, which exclude a major
association of hypertension with νh. On a side note, the
effect of hypertension on coronary artery disease and MI also
includes the pathway of vascular remodeling, left ventricular
hypertrophy, and reduced coronary flow reserve; however,
this pathway is not covered by our presented model.

The initial process in plaque formation is the recruitment
of oxidized low-density lipoprotein in the subendothelial
matrix, thus initiating fatty streak formation (33). According
to our model, this increased fatty streak formation is suffi-
cient to explain the association of lipids with MI risk. How-
ever, lipid profile is also related to plaque composition and
stability (34), and lowering lipid levels leads to reductions in
atheroma volumes (35). The relevance of these associations
with regard to MI risk remains unclear.

Results have to be interpreted within the context of the
model’s limitations. Unavoidably, the applied model repre-
sents a strong simplification of actual biological processes.
The model was fitted against subclinical data for persons up
to age 35 years, and against MI incidence data. Complicated
lesions mostly arise after this age, and their development is
thus inferred indirectly by the age-dependence of MI risk.
The estimated effects of risk factors on single model param-
eters (see Table 3) are likely overestimated, as effects on
growth parameters and other, subordinate effects are likely to
contribute to risk but were not taken into account. Likewise,
possible interactions between risk factors were not investi-
gated here. For example, in addition to the direct effect of
smoking on risk, smoking may also increase blood pressure
and affect lipid levels. The total harm of smoking may thus
be larger than the association presented. Furthermore, data
of the present analysis originated from 2 different studies,
potentially leading to increased variability and uncertainty in
the model simulations. A single study covering both subclin-
ical and epidemiologic data would be desirable; however, to
our knowledge no such study is available to date.

To summarize, we have shown that process-oriented
mathematical modeling of atherosclerosis development and
progression provides novel insights into risk estimation. The
proposed model has substantial potential for epidemiologic
application. First, a strength of the presented approach is
the inference on pathological mechanisms from the combi-
nation of population-based epidemiologic and subclinical
coronary artery data in a process-oriented model. In order
to administer effective treatment (e.g., lipid-lowering or
antihypertensive medication), it is important to know which
main biological process, and corresponding time point in
the chronological sequence of atherosclerosis, is addressed.
This helps with more accurate CVD risk assessment before

and after treatment initiation, and can thus guide further
interventions. Moreover, this information can be used to
improve risk communication to the individual patient. Our
model results showed this most strikingly for the effect
of smoking, where the immediate benefits of smoking
cessation can be communicated quite concretely and can
thus potentially increase adherence to intervention. Second,
model results may be more reliable compared with the usual
analysis of incidence data only, which is usually based
on simplistic statistical assumptions without considering
underlying biological processes. For example, this might
be relevant for extrapolation of risk to young ages. Our
approach adds an estimate of heterogeneity of individual
risk, which is not accessible by incidence data alone. In a
heterogeneous population, those individuals with higher risk
tend to suffer MI earlier. This selection effect biases compar-
isons of risks in different groups (16), such as smokers versus
nonsmokers. Indeed, our model revealed that individual
risk of smoking-induced MI is strongly underestimated if
heterogeneity is not taken into account. Therefore, use of the
process-oriented model will help with more individualized
CVD risk prediction and identification of those individual
risk factors for which intervention might be most promising.
Third, from a technical point of view, the model is suitable
for extension to more complex risk factor effects, other risk
factors, and additional data, such as imaging data. Taken
together, the process-oriented model in atherosclerosis
research is a promising tool to improve individualized CVD
risk assessment and thus promote CVD prevention.
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