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4. Rationale (comprehensive for study planning, will be honed down to ~1 page
double-spaced for eventual manuscript):

The thyroid gland is intricately related to the cardiovascular system, sharing a
common embryological origin, and regulating major functions of the heart and
vasculature.! In response to thyroid stimulating hormone (TSH) release from the
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pituitary, the thyroid couples iodinated tyrosine molecules into hormones that enter the
circulation and exert broad physiologic influence. Given the potential role of thyroid
dysfunction in diseases such as sinus bradycardia, atrial fibrillation, and heart failure,
thyroid tests are commonly obtained in cardiovascular care.

Thyroid function also appears to have important effects on each aspect of the
metabolic syndrome, including abdominal obesity, hyperglycemia, low HDL-C, high TG,
and hypertension.?® Regarding the latter, hypothyroidism is tied to diastolic hypertension
whereas hyperthyroidism is tied to systolic hypertension. Low normal free T4 (FT4)
levels are associated with a more atherogenic lipid profile and insulin resistance.” The
2013 ACC/AHA Cholesterol Treatment Guideline notes hypothyroidism as one of the
most commonly encountered secondary causes of elevated low-density lipoprotein
cholesterol (LDL-C) and/or triglycerides.® Lipid changes in thyroid dysfunction appear to
occur quickly as a 3-week hypothyroid state after thyroidectomy promotes a more
atherogenic lipid profile.®

Downstream of risk factors, existing evidence shows an association of thyroid
dysfunction with both subclinical coronary atherosclerosis and incident coronary disease.
In apparently healthy young and middle-aged euthyroid individuals, low-normal FT4 and
TSH correlate with a higher prevalence of subclinical coronary disease and the extent of
coronary calcification.” Multiple studies show a link between subclinical hypothyroidism
and higher risk of incident coronary disease,®** which does not appear to vary by thyroid
peroxidase antibody (TPOAb) status.® Meta-analyses indicate that risk associations are
more modest in higher-quality studies™® and that the association may be confined to
younger individuals.!! Consistent with effect modification by age, in older populations,
subclinical hypothyroidism does not appear to be associated with higher risks of incident
coronary heart disease, heart failure, cardiovascular mortality,"* weight,™ or all-cause and
cardiovascular mortality.*°

In persons with subclinical but not overt hypothyroidism, thyroid replacement
therapy reduces LDL-C levels'” and improves other cardiovascular risk factors such as
waist-to-hip ratio.'® Currently, thyroid hormone analogs are being evaluated for treatment
of dyslipidemia, atherosclerosis, and obesity.>'® Over 3 months, a thyroid hormone
analoguez,0 eprotirome, has been shown to reduce atherogenic lipoproteins in statin-treated
patients.

In addition to cardiometabolic risk, atherosclerosis, and coronary disease,
decreased thyroid function appears to be associated with left ventricular diastolic
dysfunction at rest and effort-induced systolic dysfunction. Hyperthyroidism, on the other
hand, may be an independent risk factor for left ventricular hypertrophy (LVH)?! with
impairments in ventricular relaxation and exercise performance seen in subclinical
hyperthyroidism.?* Indeed, perhaps in part related to greater hemodynamically-related
atrial stress, as well as direct cellular effects, multiple studies implicate subclinical
hyperthyroidism in atrial fibrillation, a potent risk factor for stroke.???* In the context of
thyroid related alterations in left ventricular structure and function, and atrial rhythm,
both higher and lower TSH levels are associated with higher risks of heart failure. 227 In



fact, heart failure is thought to be the most common cause of cardiovascular mortality in
overt and subclinical hyperthyroidism.

Reflecting the net impact of thyroid function on the cardiovascular system, and
other organs, multiple studies have established that the functional status of the thyroid is
associated with mortality. In euthyroid individuals, FT4 and T3 in the normal range are
inversely related to all-cause mortality.?® In contrast, subclinical hyperthyroidism is
associated with an elevated risk for all-cause and cardiovascular mortality,?**° while a
low normal TSH also appears to be associated with higher risk for all-cause mortality.*
Subclinical hypothyroidism in particular can be considered a marker of individuals with
greater risk for cardiovascular and all-cause mortality, with multiple meta-analyses
supporting this relationship.**232

The above relationships are summarized in the following Directed Acyclic Graph:
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dHTN = diastolic hypertension; LDL-C = low-density lipoprotein cholesterol; TG = triglycerides; RLP-C = remnant lipoprotein
cholesterol; IR/DM = insulin resistance / diabetes mellitus; SHTN = systolic hypertension; A Fib = atrial fibrillation; Athero =

atherosclerosis; CHD = coronary heart disease; HF = heart failure (there may also be direct effects of factors such as hypertension on
non-ischemic forms of heart failure, which are not illustrated); Etoh = alcohol use; Tob = tobacco smoking.

However, important unresolved questions remain at the intersection of the thyroid
gland and the cardiovascular system. Although knowledge in this field has greatly
expanded over the past decade, there has been less focus on carefully delineating the
relationships between thyroid function status and cardiovascular risk factors, including
traditional risk factors and novel risk factors. To what extent effects of the thyroid on
clinical CVD events may be mediated by these factors versus the result of direct effects is
uncertain. In addition, there is relatively less data on thyroid dysfunction and stroke risk.
Studies linking hyperthyroidism with greater carotid intima media thickness® and atrial



fibrillation would lead one to anticipate the possibility of higher stroke risk; however,
high-quality prospective cohort data are needed on this issue.

Furthermore, it may also be an important limitation that in assessing thyroid
function status, triiodothyronine (T3) has generally been a measurement left out of
epidemiologic studies to date. T3 is the final and active form of thyroid hormone that is
thought to be the predominant mediator of many of its peripheral effects. It still remains
uncertain whether thyroid replacement therapy with T4 alone, or a combination of T3 and
T4, is optimal.**

In addition, there is a gap in evidence-based guidance on the role of thyroid
evaluation in assessment of cardiovascular risk in asymptomatic patients. Despite the
literature linking thyroid dysfunction to cardiovascular risk factors and future risk of
coronary heart disease, the 2013 ACC/AHA Risk Assessment Guideline does not discuss
evaluation of thyroid markers in its 184 page report. Additional analyses from high-
quality prospective cohort studies could provide foundational knowledge to allow future
guideline committees to guide clinicians on when and how thyroid markers should be
used in cardiovascular disease risk assessment and preventive care.

Thus, we aim to leverage data from the ARIC thyroid ancillary study to expand
knowledge on the cross-sectional and longitudinal associations of thyroid markers with
cardiovascular risk factors and outcomes. Importantly, the ARIC thyroid ancillary study
has assessed a comprehensive panel of thyroid markers, including T3, FT4, TSH, and
TPOADb. The rigorous prospective, cohort design of the ARIC study, combined with the
availability of a comprehensive thyroid panel, positions the study build importantly on
advances in knowledge over from the last decade, and move the field forward.

5.  Main Hypothesis/Study Questions: To investigate the cross-sectional and
longitudinal association of thyroid function with cardiovascular risk factors and events.

Specific Aim #1: Investigate cross-sectional association of thyroid function with
cardiovascular risk factors. We hypothesize that there will be a positive association of
hypothyroidism (stronger for overt vs subclinical) with diastolic hypertension, LDL-C
(and non-HDL-C), triglycerides (marker of remnant lipoprotein cholesterol), insulin
resistance, and obesity. We further hypothesize that the relationships with diastolic
hypertension, LDL-C, triglycerides, and insulin resistance will be independent of obesity.
In contrast, we hypothesize that there will be an inverse association of hyperthyroidism
with these cardiometabolic risk factors, with the caveat of hypertension, where we
hypothesize that there will be a positive association with systolic hypertension.
Furthermore, we predict a positive association of hyperthyroidism with prevalent atrial
fibrillation.

Specific Aim #2: Investigate the longitudinal association of thyroid function with
cardiovascular events. We hypothesize that overt hypothyroidism and overt
hyperthyroidism will be treated and therefore will have modest to null associations with
cardiovascular events. In contrast, we hypothesize that subclinical hypothyroidism will




have a positive association with cardiovascular events that will be attenuated or abolished
after adjustment for hypertension, dyslipidemia, insulin resistance, and obesity. In
contrast, we hypothesize that subclinical hyperthyroidism will have a protective
association with major CHD events (myocardial infarction, fatal coronary heart disease)
but a more neutral association with stroke given the net result of a higher stroke risk due
to atrial fibrillation. We further hypothesize that both subclinical hypothyroidism and
subclinical hyperthyroidism will be associated with higher mortality, most commonly
through heart failure.

6. Design and analysis (study design, inclusion/exclusion, outcome and other
variables of interest with specific reference to the time of their collection, summary
of data analysis, and any anticipated methodologic limitations or challenges if
present).

Study Design: Cross-sectional and longitudinal analysis of thyroid measures,
cardiovascular risk factors, and cardiovascular events. Thyroid measures were obtained at
Visit 2 (1990-92), which will be considered the baseline for this study.

Study Population (Inclusion/Exclusion Criteria): We will include all participants who
attended Visit 2 with thyroid measurements performed on stored serum. We will exclude
those with a history of MI/CHD, stroke, or heart failure present at or before Visit 2.

Outcomes:

e Cross-sectional: We will focus on CVD (or “cardiometabolic”) risk factors,
namely diabetes, lipids, blood pressure, BMI, waist circumference.

The lipids that we will examine are TC, LDL-C, non-HDL-C, TG, estimated
VLDL-C, HDL-C, TC/HDL-C, TG/HDL-C.

e Longitudinal: We will focus on major atherosclerotic CVD events, including
major CHD (myocardial infarction, fatal coronary heart disease) and stroke.

As secondary outcomes, we will consider heart failure and all-cause mortality.

Exposure: Thyroid function status as determined by thyroid markers which were
measured in 2012-13 from stored serum specimens. Assays from Roche Diagnostics were
used on an Elecsys 2010 Analyzer (Visit 2) using a sandwich immunoassay method for
TSH and competition immunoassay methods for FT4, T3 and TPOADb. All inter-assay
coefficients of variation (CVs) were <10%.

We will perform continuous analyses using log-transformed T3, and we will also use the
following definitions to perform categorical analyses:

e Overt Hypothyroidism: TSH>5.1 mIU/L & FT4<0.85 ng/dL
e Subclinical Hypothyroidism: TSH>5.1 mIU/L & 0.85 ng/dL<FT4<1.4 ng/dL



Euthyroidism: 0.56 mIU/L<TSH<5.1 mIU/L, 0.85 ng/dL<FT4<1.4 ng/dL
Overt Hyperthyroidism: TSH<0.56 mIU/L & FT4>1.4 ng/dL

Subclinical Hyperthyroidism: TSH<0.56 mIU/L & 0.85 ng/dL<FT4<1.4 ng/dL
e Thyroiditis: TPOAb>34

Of note, these definitions are based on ARIC-derived cut-points, which have previously
been found to be more strongly associated with the thyroid genes/genetic risk score and
other risk factors suggesting better performance in general in ARIC. Cut-points from
Roche (the manufacturer) will be considered secondary.

Baseline covariates (for Table 1, not all to be included in multivariable models): age
(years, continuous), sex (male/female), race/field center (Maryland whites; Minnesota
whites, North Carolina whites; North Carolina blacks; Mississippi blacks), smoking
status (current/former/never), alcohol consumption (current/former/never), diabetes
mellitus (yes/no), hemoglobin Alc (continuous), hypertension (yes/no), total cholesterol
(continuous), HDL cholesterol (continuous), triglycerides (continuous), *LDL cholesterol
(continuous), *VLDL cholesterol, non-HDL cholesterol (continuous), TC/HDL-C ratio
(continuous), TG/HDL-C ratio (continuous), systolic and diastolic blood pressure
(continuous), thyroid medication use (yes/no), anticoagulant (yes/no), anti-hypertensive
(yes/no), lipid-lowering medication (yes/no), diabetes medication (yes/no), high-
sensitivity C-reactive protein (continuous), body mass index (continuous), waist-hip ratio
(continuous), estimated GFR-Cr by CKD-EPI equation (continuous), physical activity
(categorical), left ventricular hypertrophy by Cornell criteria (yes/no), NT-proBNP
(continuous), heart rate (continuous). All measured at Visit 2.

Time-varying covariates: we do not have repeat thyroid tests at Visit 3 or Visit 4. Thyroid
medication use was present in 5.1% of participants at Visit 2, 6.5% at Visit 3, and 7.9% at
Visit 4. However, it is generally felt that thyroid medication use was not well captured at
follow-up in ARIC. We will only run models with time-varying thyroid medication use
data and time-varying cardiovascular risk factors if we feel that the yield can be justified
after initial modeling.

*Estimated two ways:
e Friedewald et al Clin Chem 1972;18:499-502
e Martin et al JAMA 2013;310:2061-8

Potential effect modifiers: In event analyses, based on prior literature, we will test for
interaction by age. We will also examine potential interactions by race/center and sex.
For analyses of serum lipids, prior literature suggests that smoking and obesity/insulin
resistance are effect modifiers,®*® which we will take into account. If statistically
significant effect modification is observed, then a stratified analysis will be performed
and presented.

Summary of data analysis: By thyroid status, we will examine age, sex, and race/center
adjusted covariates as frequencies (percentage) for categorical variables, mean (SD) for
continuous variables following a normal distribution, and median (IQR) for continuous




variables that do not follow a normal distribution (e.g., triglycerides). We will compare
baseline characteristics of study participants using x°and t tests for categorical and
continuous variables, as appropriate. Associations with prevalent cardiovascular disease
and cardiovascular disease risk factors will be estimated from multiple regression
adjusting for age, sex, and race/center. Hazard ratios for individual incident
cardiovascular disease endpoints or death, loss-to-follow up or censoring will be
estimated using Cox proportional hazards regression in the following sequential models:

e Model 1 (Crude unadjusted)

e Model 2 (Adjustment for mediators): diabetes, HbAlc, sBP, dBP, non-HDL-C,
heart rate

e Model 3 (Adjustment for confounders): Model 2 + age, sex, race-center, HDL-C,
BMI, alcohol, tobacco use, lipid-lowering medication, anti-hypertensive

For model with stroke as the endpoint, we will also include atrial fibrillation as a
mediator.

As indicated above, the models will model the exposure of thyroid function group or
continuous log-transformed T3 levels.

Sensitivity analyses:

1. Exclusion of those on thyroid medication at Visit 2. The reason for this is that
there may be a difference in the outcomes related to endogenous versus
exogenous thyroid dysfunction.

2. Limit follow-up to Visit 4. The reason for this is that nearer-term follow-up may
more closely relate to baseline thyroid tests because there is less time for instance
for a subclinical hypothyroid patient to progress to overt hypothyroidism and
receive thyroid replacement therapy, altering the natural history. In addition, there
is better medication data at and before Visit 4 than subsequent to Visit 4, which
will further strengthen the analysis.

3. Categorical analysis using Roche cut-points to define thyroid function groups.

Limitations: A key limitation of the cross-sectional analyses is the lack of ability to infer
temporality or definitively establish causality. It is also possible, although this cannot be
proven or disproven directly in our study, that analysis of thyroid markers on stored
specimens yields different values than may have been obtained at the time of specimen
collection. While the longitudinal analyses allow us to infer temporarily, it will still be
challenging to infer causality in this observational study, particularly given the
complexity of thyroid hormone effects.

Epidemiologic studies of thyroid disease are universally challenged in linking overt
hypothyroidism or overt hyperthyroidism to long-term clinical outcomes because it is
expected that the majority of such individual will receive treatment to correct their
thyroid disorder. Therefore, in mapping thyroid markers to long-term outcomes, prior



literature has focused on subclinical thyroid dysfunction, where therapeutic intervention
is less likely. Because the time span from Visit 2 to Visit 4 is ~6 years, it is unlikely that a
substantial proportion of the study population will have transitioned to a more severe
thyroid status and hence received intervention.
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12a. Manuscript preparation is expected to be completed in one to three years. If a
manuscript is not submitted for ARIC review at the end of the 3-years from the date
of the approval, the manuscript proposal will expire.

We understand and will complete the manuscript in a timely fashion.
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public has access to the published results of NIH funded research. It is your
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