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Abstract

 

Rates of coronary artery disease (CAD) increase sharply after menopause. We examined the hypotheses that high iron stores, as mea-
sured by plasma ferritin levels, are a risk factor for CAD and that the increase in iron stores after menopause is at least in part responsible
for the rise in CAD in women. We also investigated measurement error of plasma ferritin using a Bayesian conditional independence
model and incorporated it into the estimation of the odds ratio (OR) for males. Cases had 

 

>

 

1 coronary artery stenosis 

 

>

 

70%. Controls
had no visible coronary lesions on angiography. The median plasma ferritin level was 48 mg/L (interquartile range: 28 to 86) among 244
cases and 45 mg/l (24 to 85) among 140 controls. The multivariate analyses among females, males, and females and males combined did
not support an association between plasma ferritin levels and CAD (OR for one unit change in log ferritin 1.01, 95% CI 0.71–1.44, OR
0.95, 95% CI 0.66–1.37 and OR 0.95, 95% CI 0.75–1.21, respectively). Accounting for the measurement error of ferritin in males slightly
improved the precision of the estimate of the OR but did not unmask an association (OR: 0.94, 95% CI 0.69–1.30). We conclude that high
ferritin levels before or after menopause are not associated with CAD. Measurement error might be considered in situations where a one-
time measurement is assumed to be representative of long-term exposure. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

 

Well-established risk factors for coronary artery disease
(CAD) account for no more than 50% of the variation in
CAD risk. In addition, differences in these cardiac risk fac-
tors between men and women do not explain entirely why
men have a higher CAD risk than women. Thus, other risk
factors clearly must be operative. Recently, it has been sug-
gested that one of the final pathways for the development of
atherosclerosis is the oxidation of low-density lipoprotein
(LDL) [1]. In fact, there is growing evidence that LDL must
be modified before it is pathogenic. Iron may contribute to
this process, since iron can catalyze the reactions leading to
highly reactive hydroxyl radicals, which in turn oxidize
LDL [2]. Therefore, iron-mediated oxidation of LDL is the

proposed mechanism explaining the link between iron and
CAD [3]. Women have lower iron stores than men before
menopause due to menstrual loss. At menopause, iron stores
gradually increase in parallel with CAD incidence [4]. This
increase in CAD rate has been usually attributed to hor-
monal changes but also could be partly related to changes in
iron stores. Thus, our primary hypothesis is that high iron
stores as reflected in the circulating ferritin level is a risk
factor for CAD and our secondary hypothesis is that the
lower CAD risk of women compared to men is related, in
part, to iron stores.

Several studies have investigated a role for iron in the de-
velopment of CAD. The results of these studies were incon-
sistent for at least two potential reasons. First, different
measures of iron metabolism were used. Consequently, the
results were not comparable. Second, in all previous studies,
a one-time measurement of iron metabolism was used and
assumed to be representative of the average level for any
given individual.
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Ferritin levels, as with many other cardiac risk factors,
may vary over time and/or be measured imprecisely. There-
fore, a one-time measurement of such a potential risk factor
could be an imprecise estimate of the true average within-
subject exposure. This problem of measurement error is fre-
quently encountered in cardiovascular epidemiology, for ex-
ample, smoking habits, and the presence of hyperlipidemia,
hypertension, and diabetes may all vary over time. It is well
known that bias can occur in the estimation of the effects of
risk factors on disease occurrence when one or more risk fac-
tors are measured with error [5–7]. Measurement error could
be related to the biochemical test used to measure ferritin or
to the within-subject variability that occurs over time. It is
the latter source of measurement error that is accounted for
in the present study, since errors in the biochemical test are
negligible. A wide variety of techniques have been sug-
gested to correct problems caused by measurement errors
[8,9]. In this paper we use a Bayesian conditional indepen-
dence model to adjust for measurement error [10,11]. A
Bayesian approach is selected because it allows the combi-
nation of information contained in two different data sets
needed to adjust for measurement error in our study. The
first data set provides information about the disease/expo-
sure relationship, while the second provides information
about the long-term variability of ferritin measures.

 

2. Materials and methods

 

Two different populations are investigated in this study. The
first population consists of a group of individuals from a case-
control study designed to investigate the potential association
between plasma ferritin and CAD in both men and women.
The second population consists of healthy males in whom se-
rial measurements of plasma ferritin, at least one year apart,
were measured. The latter data set was used to assess the bio-
logical stability of plasma ferritin over time and to incorporate
measurement error adjustments into the estimation of the odds
ratio (OR) for ferritin among males in the case-control study.

 

2.1. Case-control study

2.1.1. Setting and population

 

Patients who underwent an elective coronary angiogra-
phy at the Cleveland Clinic Foundation between May 12,
1993 and June 12, 1995 and who were referred to the cardi-
ology outpatient department were invited to participate in
this case-control study. At the time of the outpatient evalua-
tion, before coronary angiography, those who consented
had an additional 10 cc’s of blood drawn along with the rou-
tinely drawn blood for clinical purposes. The additional
blood sample was the only non-routine intervention. It was
frozen for subsequent analysis. We excluded patients with
an insufficient quantity of blood for measurement of fer-
ritin. After angiography, cases and controls were identified
based on the results of the angiograms. Angiography read-
ing was blinded to the ferritin level.

 

2.1.2. Case definition

 

The diagnosis of CAD was based on the presence of at
least one stenosis obstructing 70% or more of any epicardial
coronary artery lumen determined in a standard manner dur-
ing the coronary angiograms [12].

 

2.1.3. Control definition

 

The control group comprised a consecutive sample of in-
dividuals who underwent coronary angiography and who
had no visible CAD. The usual clinical definition for ab-
sence of CAD is absence of lesions 

 

>

 

70%. Some defini-
tions use a 50% cut-off [13]. In this study, to avoid potential
misclassification of disease status, only individuals without
any visually detectable lesions were included as controls.
Since it is rare to find normal coronaries in this population,
subject accrual was limited by the identification of controls.

Ideally, controls should be a random sample from the
same cohort (secondary base) from which the cases were se-
lected. Thus, our strategy for control selection was to take
the patients with normal coronary angiograms at the coro-
nary angiography laboratory at the Cleveland Clinic Foun-
dation during our study period. Similarly to the cases, these
individuals had been referred from the outpatient depart-
ment. Thus, the secondary base is very likely to be the same
for cases and controls. As a result of this process, cases and
controls had a similar cardiac risk factor profile because
physicians referred patients for angiography based on their
pre-test probability of disease.

 

2.1.4. Exposure

 

Iron stores were assessed by measurement of plasma fer-
ritin concentrations. Ferritin levels are thought to correlate
better with iron stores than any other measure of iron me-
tabolism [14]. Plasma ferritin was measured by a Micropar-
ticle Enzyme Immunoassay using an IMX Analyzer (Abbott
Laboratories, Abbott Park, IL, USA).

 

2.1.5. Cardiac risk factors

 

Smoking was defined as never, current, and prior smok-
ing. Hypertension was defined as a history of hypertension
or the use of anti-hypertensive medication. Hypercholester-
olemia was defined as a fasting level of total cholesterol
greater than 200 mg/dl or the use of a lipid-lowering drug.
Diabetes was defined as a fasting glucose level greater than
140 mg/100 ml or a reported history of diabetes.

 

2.1.6. Data collection

 

Data were obtained from four sources: a chart review for
information on cardiac risk factors and evidence of liver dis-
ease and ongoing infectious disease; results from the coronary
angiograms to identify cases and controls; a venous blood
sample drawn for plasma ferritin measurements; and a phone
survey of female subjects only for information on menopause.

 

2.2. Measurement error of plasma ferritin

 

For the second part of the study, we performed serial
measurements of ferritin on the frozen plasma of 259 males.
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The frozen plasma of males who were undergoing yearly
routine medical examination was available from a blood
bank at the Cleveland Clinic Foundation. We measured fer-
ritin in males to assess the extent of measurement error in
men, since they would be expected to have lower within-
subject variability than women. Using the same immunoas-
say as for the case-control study to measure ferritin levels,
we first tested whether ferritin measurements are reproduc-
ible when measured on plasma that has been frozen for a pe-
riod of up to 9 years. Measurements of the ferritin level ob-
tained on a fresh specimen 9 years previously were the same
as measurements obtained on the same samples 9 years
later. We then performed 870 serial measurements of sam-
ples collected 1 year apart for an average of approximately
3 measurements per individual.

 

2.3. Statistical analysis

2.3.1. Case-control study

 

Descriptive statistics (such as means, standard devia-
tions, frequencies (%), median and interquartile ranges)
were used to compare the case and control groups with re-
spect to demographic characteristics, risk factor profiles and
factors that potentially affect the measurement of plasma
ferritin. Levels of the exposure (plasma ferritin), expressed
as median and interquartile ranges, were compared between
all cases and controls and in subgroups: men and women,
and women before and after menopause.

We performed a logistic regression with disease status
(presence or absence of CAD) as the dependent variable and
the natural logarithm (log) of plasma ferritin as a continuous
independent variable. The log of ferritin was used to better
model the measurement error, as described below. To eval-
uate potential confounding factors, we obtained the ORs of
the disease exposure association that were adjusted for car-
diac risk factors (age, HDL, LDL, hypertension, family his-
tory of cardiac disease, hypercholesterolemia, smoking, dia-
betes) and for factors that potentially affect the
measurement of ferritin, which include ongoing infection
(white blood cell count), liver disease (total protein, albu-
min, bilirubin and liver enzymes) and renal dysfunction
(urea and creatinine). The ORs and 95% confidence inter-
vals (CI) were obtained from the regression coefficients.

To address the role of gender, all analyses were performed
separately for men and women and in a combined regression
model that included both genders. Approximate Bayes Fac-
tors as calculated through the Bayesian Information Criterion
(BIC) were used to select final models [15]. The BIC has
been shown to have better out-of-sample predictive proper-
ties compared to the usual “backwards” or “forwards” step-
wise selection procedures. These tend to overfit the model to
the data, which often leads to poor generalizability.

 

2.4. Measurement error analysis

 

We used a conditional independence model as described
by Richardson and Gilks [10,11,16] to investigate the possi-

ble effects of measurement error of ferritin on the estimated
OR for men only. Our model can be described in four stages
(see Appendix for full details).

The first stage relates the outcome (presence or absence
of CAD) to the unobserved true ferritin value for each sub-
ject and other covariates, the latter assumed to be measured
without error. At this stage, we used a standard logistic re-
gression model with terms for true log ferritin, age, and
HDL cholesterol. These variables were selected as the best
candidates based on the BIC criterion except for ferritin,
which we included as the variable of primary interest in this
study. An interaction term for log ferritin 

 

3

 

 HDL choles-
terol also was used in a preliminary model, but eliminated
due to lack of evidence for this interaction. We also exam-
ined the effects of other potential confounders for the effect
of ferritin, but none were found to change the coefficient for
log ferritin in any important way. As is standard in condi-
tional independence models, we assumed that conditional
on true ferritin values, the logistic regression coefficients
were not affected by the distribution of observed ferritin
values.

At the second stage, we modeled the observed log ferritin
value as a function of the true log ferritin value within each
subject. We assumed that the observed log ferritin values
would be normally distributed about the true mean within-
subject value, with a variance that was estimated from the
data set of serial ferritin measurements. Using the same vari-
ance for true ferritin in these two data sets provided a link
between them in our model, which enables the combination
of information in each data set to contribute to the final pa-
rameter estimates. We used log ferritin throughout, since
within-subject ferritin had a skewed (non-normal) distribu-
tion in our serial measurement data, such that subjects with
higher values of ferritin had larger measurement errors than
lower values of ferritin. This was corrected by taking the
logarithm, after which a normal measurement error model
across the range of log ferritin values fit the data well.

The third stage of the model describes the distribution of
true ferritin between individual subjects. Here we combined
descriptive evidence from both the serial measurements and
case-control subjects to confirm that log ferritin was ap-
proximately normally distributed in men.

A final stage in our modeling process was to derive prior
distributions for all unknown parameters in all stages of our
model. We used “low-information” prior distributions,
where the entire ranges of plausible parameter values are
covered by a roughly “flat” prior distribution. Therefore, all
likely values are approximately equally likely a priori. This
allowed the data to dominate the prior distributions, which
then have little influence. The only exception to this was the
prior parameters for the distribution of ferritin values in the
population, for which we plotted previous estimates that
have appeared in the literature [17–29] and used prior pa-
rameter values that covered the range suggested by these
studies. To check the robustness of the estimated OR for log
ferritin, we varied the prior parameters in a sensitivity anal-
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ysis. Measurement error adjustment was performed for
males only, since repeated measurements of ferritin were
not available for females.

An exact analytic solution for this complex model is im-
possible, so that we followed the methods of Richardson
and Gilks [10] in using the Gibbs sampler, a Markov chain
Monte Carlo approach to numerical integration [30]
wherein random samples from the marginal distribution of
each parameter of interest are generated by intensive com-
puter calculations. After ensuring convergence, empirical
summary statistics can be formed and used to make infer-
ences about the true values of the quantities of interest. This
computational work was performed using BUGS software
[31]. We ran 10,500 iterations of the Gibbs sampler, the first
500 to ensure convergence of the algorithm, and the last
10,000 for inference. This ensured a high degree of accu-
racy in the final estimates, as we verified using the methods
of Raftery and Lewis [32].

 

3. Results

 

Over the study period, 244 cases and 140 controls had
ferritin levels drawn before the index angiograms. Of these,
201 subjects were males and 183 subjects were females.
About 85% of females had reached menopause. Cases ex-
hibited slightly higher cardiac risk profiles than controls
(Table 1). Median ages were 63 and 58 years among the
cases and controls, respectively. By design, the sex distribu-
tions were similar. During the second half of the study,
women and controls only were recruited to increase their
proportion. A higher proportion of cases had diabetes, hy-
pertension, and hypercholesterolemia. The smoking preva-
lences were similar in the two groups, as were the preva-
lences of a family history of heart disease. The levels of
serological markers for conditions that could potentially af-
fect the ferritin measurement which include liver disease, an

ongoing infection or renal dysfunction were similar in cases
and controls. Unadjusted median plasma ferritin levels of
the cases and controls and that of different subgroups of in-
terest are presented in Table 2. Overall, plasma ferritin lev-
els did not substantially differ between the cases and con-
trols. Females, especially menopausal cases, exhibited a
higher median ferritin levels, but this trend was not statisti-
cally significant.

The multivariate analyses among females, males and fe-
males and males combined did not support an association
between plasma ferritin levels and CAD even after adjust-
ment for menopausal status in females (OR for one unit
change in log ferritin 1.01, 95% CI 0.71–1.44; OR 0.95,
95% CI 0.66–1.37; and OR 0.95, 95% CI 0.75–1.21, respec-
tively) (Table 3). Calculations of the OR between low and
high ferritin levels did not reveal any important associations
between ferritin and CAD. For example, among females, a
change from a ferritin level of 19 (25% quartile) to 63 (75%
quartile) mg/L yielded an OR of 1.01, 95% CI 0.66–1.54.
Among males, a change in ferritin level of 32 (25% quartile)
to 104 (75% quartile) mg/L yielded an OR of 0.95, 95% CI
0.62–1.45. Age, HDL cholesterol, total cholesterol, and dia-
betes were the other risk factors that were selected in the fi-
nal models. The strength of those factors was less than ex-
pected likely because of the process of selection of cases
and controls. Patients who undergo angiography are se-
lected for this test based on symptoms and risk factors. Con-
sequently, by design, the risk factors profile of cases and
controls might be very similar. We included these known
risk factors for CAD in the multivariate analysis to assess
the independent effect of ferritin. Additionally, in the model
that combines males and females, age had a weak relation-
ship with CAD. This is because by design, there was a high
proportion of older females with CAD. However, because
ferritin level was unknown at the time of selection of cases
and controls and not used as a criterion for selection, its po-
tential effect on CAD can be assessed.

 

Table 1
Demographic and clinical characteristics of the case-control study population

Cases

 

n

 

 

 

5

 

 244
Controls

 

n

 

 

 

5

 

 140

Median age (years)

 

a

 

63 (54, 70) 58 (49, 68)
Females (%) 46 50
Menopausal females (%) 88 84
Females on hormonal therapy (%) 20 36
Family history (%) 25 26
Diabetes (%) 34 19
Smoking

Current (%) 14 13
Never (%) 38 43

Hypertension (%) 59 47
Cholesterol lowering drug (%) 18 6
Total cholesterol (mg/dl) 218 (190, 248) 211 (183, 234)
HDL cholesterol (mg/dl) 36 (30, 45) 41 (36, 52)
LDL cholesterol (mg/dl) 141 (114, 165) 134 (114, 157)

 

a

 

Continuous variables are presented as median and interquartile range.

Table 2
Median plasma ferritin levels (mg/L) in various subgroups

Cases Controls

Overall group (

 

n

 

) 244 140
Mean (SD) 64 

 

6

 

 56 62 

 

6

 

 55
Median (interquartile range) 48 (28, 86) 45 (24, 85)

Males (

 

n

 

) 131 70
Mean (SD) 76 

 

6

 

 64 80 

 

6

 

 58
Median (interquartile range) 56 (30, 101) 65 (37, 108)

Females (

 

n

 

) 113 70
Mean (SD) 51 

 

6

 

 42 44 

 

6

 

 46
Median (interquartile range) 41 (22, 66) 31 (16, 53)

Menopausal females (

 

n

 

)

 

a

 

99 59
Mean (SD) 48 

 

6

 

 37 47 

 

6

 

 46
Median (interquartile range) 40 (22, 64) 32 (17, 59)

Nonmenopausal females (

 

n

 

) 8 10
Mean (SD) 61 

 

6

 

 73 17 

 

6

 

 11
Median (interquartile range) 41 (9, 77) 16 (6, 24)

 

a

 

Missing information on menopausal status in 7 females.
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There was wide variability in within-subject standard er-
rors about the mean ferritin measurements among the male
subjects who were followed over time. The maximum stan-
dard deviation among the repeated measurements was 380
mg/L, while the minimum was 1.2 mg/L. The average stan-
dard deviation was 41 mg/L, and the median was 27 mg/L,
so that there was a total range of approximately 100 to 160
mg/L (four times the standard deviation) in typical subjects.
About 25% of subjects had standard deviations below 15
mg/L, while another 25% of subjects had standard devia-
tions above 47 mg/L. Despite evidence of large variations in
within-subject ferritin measurements over time, adjustment
for measurement error in ferritin values did not substantially
affect the point estimate of the OR, but did slightly improve
the precision of the estimate (OR 0.94, 95% CI 0.69–1.30).
Therefore, we did not uncover any evidence that measure-
ment error is responsible for masking the effects of ferritin
on CAD.

To verify if our methodology would uncover such mask-
ing effects, if indeed they were present, we reran our mea-
surement error model on the identical data set (both case-
control and serial measurement components), changing only
the values for presence or absence of CAD, according to the
value of ferritin, i.e., induction of an artificial effect of true
ferritin on CAD, which is masked by the measurement er-
ror. We then ran the same two models as above, one that ig-
nores measurement error, and one that adjusts for measure-
ment error. While a non-measurement error adjusted
logistic regression model did not capture the “true” induced
OR in its 95% CI, our measurement error model did capture
the correct OR value. Therefore, it is likely that our model
would have adequately adjusted for measurement error if
necessary, but that this was not indicated by our (non-simu-

lated) data. Similarly, the use of different prior distributions
that described the distribution of ferritin in the population
did not substantially alter any of our estimates.

 

4. Discussion

 

This study suggests that ferritin does not seem to play a
large role, if any, in the development of CAD. While the
ferritin level of females with CAD was higher than females
without CAD (both in menopausal and non-menopausal fe-
males), ferritin was not a predictor of CAD in adjusted anal-
yses. Adjustment for measurement error with a Bayesian
conditional independence model [10,11,16] did not reveal
large changes in estimated ORs in our study. Our analysis
allowed for the utilization of all available information, not
only from the two different study populations for which we
collected data, but also the information about ferritin levels
from the literature for individuals with and without CAD.
Second, our methods allowed for the simultaneous estima-
tion of all model parameters. For example, the measurement
error variance parameter was estimated using information
from both of our data sets.

Several recent epidemiological studies have investigated
the association between iron metabolism and CAD. The re-
sults of these studies are inconsistent. The first large epide-
miological study was reported by Salonen and coworkers
[23]. In a cohort of Finnish men, a positive association was
found between serum ferritin and myocardial infarction.
However, since this publication, other epidemiological
studies have failed to replicate findings of similar magni-
tude. Only one other study reported on ferritin, which is
thought to correlate best with body iron stores [14]. In a co-
hort of Icelandic men and women, Magnusson and cowork-
ers did not find any association between serum ferritin and
the risk of myocardial infarction [24]. However, plasma to-
tal iron binding capacity was inversely related to the risk of
myocardial infarction in both genders.

The remaining studies looked at various other indicators
of iron metabolism. Two of these studies used the first Na-
tional Health and Nutrition Examination Survey to investi-
gate the potential association between iron and CAD. In the
first study, Sempos and coworkers found that transferrin
saturation was not related to the risk of coronary heart dis-
ease and non-fatal myocardial infarction but that transferrin
saturation was inversely related to CAD mortality and all
cause mortality in both genders [25]. In the second study,
Liao and coworkers also failed to show an association be-
tween transferrin saturation and myocardial infarction [26].
However, unlike Sempos and coworkers, they reported an
inverse association between transferrin saturation and coro-
nary heart disease. In addition, they studied plasma and di-
etary iron, total iron binding capacity, hemoglobin, and he-
matocrit. Plasma iron was inversely related to myocardial
infarction only in women while the other indicators were
not related to either outcome in either gender.

 

Table 3
Multivariate models for the relationship between plasma ferritin and 
coronary artery disease

Patient subgroup Odds ratio
95% Confidence
interval

Females only
HDL cholesterol 0.96 0.93–0.98
Diabetes 3.73 1.72–8.10
Log ferritin 1.01 0.71–1.44

Males only
HDL cholesterol 0.96 0.93–0.99
Age 1.05 1.02–1.08
Log ferritin 0.95 0.66–1.37

Males and females
HDL cholesterol 0.95 0.93–0.97
Age 1.04 1.02–1.06
Total cholesterol 2.25 1.37–3.68
Log ferritin 0.95 0.75–1.21

Males (incorporating
measurement error)

HDL cholesterol 0.97 0.94–0.99
Age 1.04 1.01–1.06
Log ferritin 0.94 0.69–1.30

*HDL 

 

5

 

 high density lipoprotein.
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A study of a different American cohort assessed the asso-
ciation between dietary iron and CAD. Ascherio and co-
workers found that, among a cohort of U.S. male physi-
cians, there was no association between total dietary iron
intake and the risk of myocardial infarction [27]. However,
when a separation was made between heme iron found in
red meat and non-heme iron from other food sources, heme
iron was weakly associated with myocardial infarction
whereas non-heme iron showed no significant association.
In contrast, in a case-control study of Greek patients,
Tzonou et al. found a relationship between total dietary iron
and CAD. Finally, Morrison and coworkers also investi-
gated the association between dietary iron and CAD in the
Nutrition Canada Survey cohort [29]. In this study, no asso-
ciation was found between the risk of fatal acute myocardial
infarction and neither total dietary iron (heme and non-
heme) nor iron supplement use.

The results of these epidemiological studies are inconsis-
tent, and they do not definitively answer the question as to
whether high iron level is a cardiac risk factor. Several fac-
tors may explain the lack of consistency between these re-
cently published epidemiological studies. First, despite the
large total sample sizes of the previous cohort studies, very
few cardiac events were available for analysis [3]. Second,
these studies measured different indicators of iron metabo-
lism. Thus, comparison of the study results is difficult.
Third, some indicators of iron metabolism such as ferritin
are a better measure of iron stores than others [14]. Ferritin
has not been consistently used as a measure of iron stores.
Fourth, in all studies, measurements of the various indica-
tors of iron metabolism were done at one point in time and
assumed to be representative of long term exposure. This
could lead to decreased power to find clinically important
differences due to measurement error. Finally, most studies
did not include females and did not investigate the associa-
tion between iron metabolism and the gender differences in
CAD risk.

Our study was a case-control study that allowed the iden-
tification of a large number of individuals with angiographi-
cally documented CAD. Cases and controls were referred
for angiography based on the physician’s evaluation of the
patient’s pre-test probability of CAD but without the knowl-
edge of ferritin levels. As a result, the prevalence of cardiac
risk factors was by design quite similar between the two
groups. This method of selection allowed the identification
of cases and controls highly matched on cardiac risk factors.
Plasma ferritin, which is thought to best represent iron
stores, was the exposure. Data were collected on both men
and women to allow the investigation of the association be-
tween iron metabolism and CAD risk in both sexes. Finally,
repeated measurements of ferritin over time in the same in-
dividuals were obtained to estimate measurement error and
adjust for it in the analysis of the case-control study. A con-
ditional independence model based on Richardson and
Gilks [10,11,16] was developed to incorporate measure-
ment error in the assessment of a logistic regression analy-

sis. Adjustment for any potential bias that measurement er-
ror might have induced in our estimates did not reveal any
substantial effects, so that it does not seem likely that mea-
surement error played a role in masking any true effects of
ferritin on CHD, even though within-subject ferritin mea-
surements in males were not as stable as previously as-
sumed. However, our analysis failed to find an effect for
ferritin suggesting that factors other than measurement error
explain the inconsistencies between previous studies.

Several limitations could be, at least in part, responsible
for our inability to find an association between iron metabo-
lism and CAD. First, the role of iron in the atherosclerosis
process could occur at a different step in the CAD pathway
than the one that was studied here. By using angiography to
distinguish cases and controls, a true effect of iron might
have been missed if the effect occurred at another step of
the pathway. Second, the use of a current rather than a past
measure of ferritin might have been inadequate. Among the
few studies that have used a measure of iron metabolism ob-
tained over 20–25 years before a cardiac event, most have
failed to show an association between iron metabolism and
CAD (25–27). Third, the recruitment of controls was a lim-
iting factor for the sample size of this study. On average, 15
to 25% of coronary angiograms are normal (as defined by
stenosis 50% or less) [13]. Definition of controls as those
without any visible coronary lesion decreased this average
to about 2–5%. However, given the large volume of angiog-
raphies at the Cleveland Clinic Foundation, we were able to
identify 140 individuals without CAD for whom we have
complete data. Also, premenopausal women with CAD are
rare, leading to a low event rate in females.

While the serial measurements allowed for the adjust-
ment for measurement error in plasma ferritin, there are also
several limitations to this component of our study. First, we
did not have access to serial data of ferritin measurement in
females. Second, the serial measurements were taken on
subjects different from those in whom we estimated the lo-
gistic regression model. Therefore, we could not more accu-
rately pinpoint each subject’s true value by averaging over
within-subject repeated measurements. Instead, the serial
data provided only a range of plausible values for each sub-
ject, from which an “optimal” value could be chosen which
maximized the likelihood function of our logistic regression
model. A more informative measurement error model
(which we did not have the data to create) might have better
corrected for any potential measurement error. We tried to
provide better true ferritin estimates via the fitting of a lin-
ear regression model that would predict true ferritin values
using other variables measured in our case-control subjects,
but no important predictors could be found among those we
tried (presence or absence of ongoing infection, liver dis-
ease or renal dysfunction). Nevertheless, our simulation
showed that if there were real effects that were masked by
measurement error, our model did have the ability to adjust
for it. Therefore, we do not feel that we have missed any
strong effects of ferritin due to measurement error.
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In conclusion, in females, high ferritin level before or af-
ter menopause does not appear to substantially contribute to
CAD. In males, adjustment for measurement error slightly
improved the precision of the estimate without changing the
OR. Our results do not provide any evidence that ferritin is a
risk factor for CAD. Measurement error might be accounted
for in the evaluation of risk factors, especially in situations
where a one time measurement is assumed to be representa-
tive of long-term exposure.
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Appendix 

 

Our measurement error model includes four stages. At
the first stage, the unobserved (latent) true log ferritin level,
along with our covariates are related to the presence or ab-
sence of CAD through a logistic regression model, so that

where CAD

 

i

 

 indicates the presence or absence of CAD in
patient i, 

 

a

 

 is the intercept, and 

 

b

 

1

 

, 

 

b

 

2

 

, and 

 

b

 

3

 

 represent the
logistic regression coefficients for true log ferritin, age, and
HDL cholesterol, respectively, for patient i.

Observed log ferritin levels were then related to true log
ferritin levels via a normal distribution such that

where OLF

 

ij

 

 represents the j

 

th

 

 repeated log ferritin measure-
ment in patient i, and 
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2
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 is the variance of log ferritin mea-
surements for patient i. The collection of log (l/
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 val-
ues were then assumed to follow a normal distribution 
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). This hierarchial distribution formed the link be-
tween the two data sets, allowing control over the spread of
variances in the ferritin data set without repeated measures.
Diffuse prior distributions were used for 

 

m

 

t

 

 and 

 

s

 

2

 

t

 

. This
formed the second stage of the model.

While observed log ferritin measurements were assumed
to vary around the true values within each patient, variabil-
ity of true log ferritin between patients also followed a nor-
mal distribution. Thus, in the third stage of our model

where 

 

m

 

TLF

 

 and 

 

s

 

2
TLF

 

 denote the overall mean and variance
of true log ferritin values in the population of patients repre-
sented by those in our study.

At the fourth stage of our model, prior distributions were
specified as described in the text. In particular, based on an
extensive literature review, we used 

 

m

 

TLF

 

 

 

5

 

 4.83 and 

 

s

 

2
TLF

 

 

 

5

 

0.65, and non-informative (flat) prior distributions for all
other parameters. A robustness analysis however, showed

logit CADj( ) α= βl+ TLFi× β2 AGEi β3 HDLi×+×+

OLFij N TLFi,σ i
2( ),∼

TLFi N µTLF,σ2
TLF( ),∼

 

that our conclusions did not substantially change across a
range of other plausible values for 

 

m

 

TLF

 

 and 

 

s

 

2
TLF

 

.
Since closed form formulae are not available for estima-

tion of parameters in this model, we used the Gibbs sampler
[16,30], an iterative Markov chain Monte Carlo technique
for inferences. Briefly, the model works as follows: Each of
the four model stages described above contributes terms to
the likelihood function and/or the prior distribution. Multi-
plying all of the terms together provides a joint posterior
distribution over all parameters, upon which all inferences
are based. The Gibbs sampler provides a sample from the
marginal posterior distribution of each parameter.

In each iteration of the Gibbs sampler, a tentative “true
ferritin value” is selected for each patient. This selection is
based on the marginal posterior distribution of true ferritin
for each subject, which is calculated from the information in
four different sources; the observed ferritin value for that
subject, the within-subject variability of ferritin, the current
estimate of the relationship between ferritin and CAD, and
the distribution of ferritin in the population. Once a tentative
“true” value is selected, the other parameters are updated,
and the next iteration begins. By allowing a range of values
for “true ferritin” that changes from iteration to iteration,
within each subject, the uncertainty in “true ferritin” values
is fully incorporated into the model. By selecting these val-
ues using all available information, the model is able to ad-
just for measurement error, as appropriate.
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