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Assessing Baseline and Temporal Changes in Cardiometabolic Risk

Using Metabolic Syndrome Severity and Common Risk Scores
Matthew J. Gurka, PhD; Stephanie L. Filipp, MPH; Thomas A. Pearson, MD, MPH, PhD; Mark D. DeBoer, MD, MSc, MCR

Background—Type 2 diabetes mellitus (T2DM) is considered a cardiovascular disease (CVD) risk equivalent, thereby linking
assessment of cardiometabolic risk with that of CVD risk over time. Our goal was to determine how commonly used CVD risk
scores and metabolic syndrome (MetS) severity performed in predicting T2DM with and without ultimate CVD.

Methods and Results—We assessed data from 8273 participants of the ARIC (Atherosclerosis Risk in Communities) Study, using
the pooled cohort atherosclerotic CVD risk score, the Framingham Risk Score, and a MetS severity Z score to assess their
association with future risk for CVD alone, T2DM alone, or both over 20 years of follow-up. Baseline levels of all scores were
significantly associated with isolated incident T2DM (odds ratios [ORs] for each 1-SD increase: atherosclerotic CVD=1.7,
Framingham risk score=1.7, MetS Z score=5.1). All 3 baseline scores were also significantly associated with isolated incident CVD
(atherosclerotic CVD OR=2.4, Framingham risk score OR=2.3, MetS Z-score OR=1.8), with the 2 CVD scores remaining significant
independent of MetS severity. MetS severity was strongly associated with future T2DM leading to CVD (MetS Z-score OR=7.0,
atherosclerotic CVD OR=3.9, Framingham risk score OR=3.5). Furthermore, changes in MetS severity were independently
associated with future T2DM-CVD progression.

Conclusions—CVD risk scores are associated with risk for future isolated T2DM in addition to isolated CVD. However, MetS
severity (both baseline and changes over time) was more strongly associated with T2DM, including T2DM ultimately leading to
CVD. Following MetS severity within patients over time may identify those at greatest risk of combined cardiometabolic disease.
(/ Am Heart Assoc. 2018;7:e009754. DOI: 10.1161/JAHA.118.009754.)
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he ongoing increase in prevalence of type 2 diabetes

mellitus (T2DM), affecting 9% of US adults,””? has
impeded public health efforts to slow the incidence of
cardiovascular disease (CVD).* Individuals with T2DM but
without prior CVD are at similar risk for myocardial infarction
as those with current CVD but without T2DM,® such that in
prompting treatment with lipid-lowering agents, T2DM has
been considered a coronary heart risk equivalent.” This
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elevates the importance of simultaneously monitoring risk for
both T2DM and CVD to identify individuals at a high likelihood
for developing either or both of these diseases and to
motivate those individuals toward lifestyle change and
additional interventions.

Multiple scoring systems have been developed as tools to
predict future CVD based on baseline risk factors, including
the American Heart Association/American College of Cardi-
ology pooled cohort atherosclerotic CVD (ASCVD) score® and
the Framingham Risk Score (FRS).” Although these scores
were derived specifically for prediction of CVD, they incorpo-
rate multiple measures that are also risk factors for T2DM,
including obesity status,'®'" smoking,'? age,'® high-density
lipoprotein (HDL),"® and (in the case of the ASCVD score)
race/ethnicity, ' emphasizing substantial overlap in car-
diometabolic risk. Thus, there is a clear likelihood for these
scores to also correlate with risk for future T2DM, either with
or without ultimate CVD. Nevertheless, the ASCVD score
incorporates T2DM in its CVD risk equation, potentially
limiting its utility in identifying risk for both T2DM and CVD.
Therefore, the role for these CVD risk scores in T2DM risk
prediction remains unclear.
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Clinical Perspective

What Is New?

» Each of 3 scoring systems (a metabolic syndrome severity
score, the atherosclerotic cardiovascular disease (ASCVD)
pooled cohort score, and the Framingham Risk Score) was
associated with incident CVD, either with or without type 2
diabetes mellitus (T2DM), both based on baseline scores
and the change in scores over a 3-year period.

* In comparing the 3 scores, ASCVD and Framingham Risk
Score were more strongly linked to late onset (10-22 years)
of isolated CVD, whereas metabolic syndrome Z was more
strongly linked to T2DM, with or without late-onset CVD,
and all 3 scores were similarly linked to early CVD (3—
10 years), with or without T2DM.

What Are the Clinical Implications?

Although the ASCVD and Framingham Risk Score were
designed to detect CVD, higher levels in each (and a greater
change over 3 years’ time) were also associated with
isolated incident T2DM.

Patients with elevated levels of these CVD scores should be
seen as being at higher risk for T2DM, potentially prompting
more frequent T2DM screening.

Metabolic syndrome severity is an important marker of
cardiometabolic risk, emphasizing T2DM as a stage toward
CVD development.

» Temporal increases in these scores are associated with
addition risk; therefore, following scores over time for
ominous changes may help in identifying individuals at
particularly elevated risk of CVD and T2DM.

An additional assessment tool associated with car-
diometabolic risk is the metabolic syndrome (MetS), a
group of CVD risk factors, including central obesity, high
blood pressure, high triglycerides, low HDL, and high fasting
glucose, that cluster together, likely based on shared
underlying pathophysiological features.'* MetS is tradition-
ally classified on the basis of criteria such as those of the
Adult Treatment Panel IIIl."> MetS can also be assessed
using a MetS severity Z score, which was formulated
according to how the 5 individual components correlate
together on a sex and racial/ethnic basis.'®'” Although the
MetS severity score was not specifically derived to be a risk
score, as an estimate of metabolic disarray, it is not
surprising that this score is a predictor of T2DM'82?° and
CVD.ZO_ZZ

A strength of the CVD risk scores and the MetS severity
score is their continuous nature, in contrast to dichotomous
risk predictors, such as the Adult Treatment Panel Ill MetS
criteria. Although not yet clear, these scores may be able to
be used over time to track changes in risk, and to detect

ominous increases that may prompt elevated concern.
Because of the importance of T2DM as a CVD risk factor,
our goal in the current study was to use CVD risk scores
and the MetS severity Z score to assess a population that
was disease free at baseline for risk for CVD and/or T2DM
in a temporal manner, evaluating baseline risk scores and
change in score over time. We hypothesized that each of
these scores would be predictors of T2DM, with and without
CVD, and that change in score would provide further
predictive ability. This analysis may have importance for
evaluation of not only CVD risk by itself, but of optimal
tracking of combined cardiometabolic risk for T2DM and
CVD over time.

Materials and Methods

The data use agreement in place with the ARIC (Atheroscle-
rosis Risk in Communities) Study prevents us from directly
sharing the data and study materials. However, statistical
programs in SAS will be available to researchers on request
to the first author for purposes of reproducing the results,
for those with access to ARIC Study data.

Study Population

The ARIC Study is a large community-based epidemiological
cohort study across 4 field centers in the United States,
with timing as follows: visit 1 (1987-1989), visit 2 (1990-
1992), visit 3 (1993-1995), and visit 4 (1996-1998), and
ongoing follow-up for adjudicated CVD outcomes thereafter.
This study and/or its analysis was approved by the
Institutional Review Boards of the University of Florida
and the ARIC Study sites. Further details of the study
design and objectives are published elsewhere.?® A total of
15 397 participants, aged 45 to 64 years, provided
informed consent to be included in the study. From this
sample, we excluded participants other than blacks or
whites (n=46), those with history of CVD at baseline
(n=1008) or who developed CVD by visit 2 (n=191), those
with diabetes mellitus at baseline or visit 2 (n=2578), those
with reported nonfasting laboratory results at visit 1 or 2
(n=845), and those with missing MetS (n=1762) or CVD
(n=1929) risk scores at visit 1 or 2. To be categorized into
groups by progression to T2DM and CVD at or between
visits 2 and 4, participants must have completed these
follow-up visits; those without complete data or with
incident coronary heart disease between visits 1 and 2
were excluded (n=6249). Participants could have been
excluded on the basis of >1 of these criteria. In total, 7124
participants were excluded, leaving 8273 participants for
the current analyses.
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Measurement of MetS Components

Details have been reported previously on procedures for blood
collection and analysis for lipids®* and glucose.?® Briefly,
participants fasted overnight for 12 hours before the exam-
ination. Phlebotomy was performed, and serum and plasma
samples were sent to a central laboratory for examination.
Triglycerides were measured by enzymatic methods, and HDL
was measured after dextran-magnesium precipitation. Low-
density lipoprotein was calculated using the Friedewald
equation. Serum glucose was measured by the hexokinase-
6-phosphate dehydrogenase method.?® Trained clinical staff
measured waist circumference at the umbilical level to the
nearest cm. Blood pressure was examined in sitting position,
with 3 measurements performed and the average of the last 2
used for analysis. Smoking was classified by participant self-
report of current smoking status at each visit.

Study Outcomes
Incident CVD

Incident CVD was determined from adjudicated outcomes
using standard ARIC Study protocols and included fatal or
nonfatal hospitalized myocardial infarction, fatal coronary
heart disease, silent myocardial infarction identified by
electrocardiography or coronary revascularization, and hospi-
talized and fatal stroke.?>?” We excluded those who had an
incident CVD event at or before visit 2.

Type 2 diabetes mellitus

Incident T2DM was determined if participants reported that a
physician had told them they had diabetes mellitus, if they
had a fasting glucose >126 mg/dL or a nonfasting glucose
>200 mg/dL, or if they reported they were taking insulin or
oral hypoglycemic medications.'® Incident T2DM was dichot-
omized as being “yes” for either visit 3 or 4 (because we
excluded those with T2DM at visit 1 or 2).

Classification of disease progression

We categorized individuals based on their progression of
disease (incident T2DM and CVD) and how visit 1 CVD risk
scores and MetS Z, as well as their changes from visit 1 to 2,
were associated with these disease progression classifica-
tions. We created 6 categories of development of disease
after visit 2 (Figure 1). T2DM was formally assessed only at
the main study visits (through visit 4; mean follow-up after
visit 2=6.0 years), whereas CVD was assessed throughout the
adjudicated follow-up period (maximum=21.9 years of follow-
up after visit 2; mean=17.8 years). We classified both incident
disease events into “early” and “late” periods, with early
incident events occurring between visits 2 and 4, and late
(CVD only) events occurring after visit 4. This created a
classification that captured temporality of events, except for

those individuals (n=33) categorized as having developed both
T2DM and CVD in the early period. Given the lack of a precise
date of T2DM development, we did not exclude individuals
who experienced a CVD event before official T2DM classifi-
cation. However, in this group of 33 individuals, these 2
diagnosis events occurred +3 years of one another.

Predictors: Risk Scores
Existing CVD risk scores

Using data from the FHS (Framingham Heart Study),
D’Agostino et al derived the FRS as a sex-specific multivari-
able risk factor algorithm for assessing 10-year general CVD
risk.”?® The 2013 ASCVD score® is a sex- and race-specific
10-year ASCVD risk estimation algorithm derived using
extensive data from several large racially and geographically
diverse cohort studies, including the FHS, the ARIC Study, the
CHS (Cardiovascular Health Study), and the CARDIA (Cor-
onary Artery Risk Development in Young Adults) study.

MetS severity score

We calculated MetS severity Z scores for study participants.'®
The MetS severity score was derived from the 5 traditional
MetS components (waist circumference, triglycerides, HDL
cholesterol, systolic blood pressure, and fasting glucose) using
a factor analysis approach. Because of differences in tradi-
tional MetS criteria by race/ethnicity,??*° confirmatory factor
analysis was performed, as previously described,'® to deter-
mine the weighted contribution of each component to a latent
MetS factor on a sex- and race/ethnicity-specific basis, using
the National Health and Nutrition Examination Survey data for
adults aged 20 to 64 years. For each of the subgroups defined
by sex and race/ethnicity, factor loadings from the 5 MetS
components were determined and used to generate equations
for computing a standardized MetS severity score (http://
mets.health-outcomes-policy.ufl.edu/calculator/). The MetS
severity score was shown to correlate with other MetS risk
markers, such as insulin?® and adiponectin,?® and is predictive
of long-term risk of T2DM'#2° and CVD.?>?* We recently
demonstrated that the MetS severity score was predictive of
future coronary heart disease and T2DM events above and
beyond the individual MetS components alone.??

Statistical Analysis

For each of the progression categories (Figure 1) and for each
CVD risk score and MetS Z score, we calculated means (95%
confidence intervals) at baseline (visit 1) and changes
between visits 1 and 2 (adjusted for visit 1 scores). We used
multinomial logistic regression to estimate odds of each
disease progression category (relative to no disease).
Separate models were fit for each of ASCVD, FRS, and MetS
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3-10 years follow-up)

' (n=33)
No T2DM, Early CVD
(n=272)
No — ‘ Early T2DM, Late CVD
disease at (n=151)
baseline
No T2DM, Late CVD
(n=1093)
—) —) Early T2DM, No CVD
(n=456)
No Incident Disease
: (n=6268)
ARIC llEarlyII ”Late”
Timeline: (Visit 2-4, (after Visit 4,

10-22 years follow-up)

ARIC Frequencies:

Early T2DM, Early CVD

Figure 1. Incident disease progression classifications (after visit 2). Participants were categorized by
timing of diagnosis of type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD), with “early”
diagnosis corresponding to that found during visits 2 to 4 (3—10 years of follow-up) and “late” diagnosis
occurring after visit 4 (10-22 years of follow-up). T2DM ascertainment was only available through the early
period of the ARIC (Atherosclerosis Risk in Communities) Study.

Z, including both their visit 1 scores and changes in scores
between visit 1 and visit 2. Because the ASCVD and FRS
scores are risk estimates between 0 and 1, to compare odds
ratios (ORs) across the 3 scores, we created “Z scores” for
both ASCVD and FRS, based on mean and SD values of In-
transformed scores at visit 1. ORs were then calculated for a
1-unit increase in these Z scores (ie, a 1-SD increase). For our
primary analysis, we further categorized disease progression
(no disease, incident CVD but no T2DM, incident T2DM but no
CVD, and incident T2DM and CVD) comparing ORs across the
3 scores. We also included MetS Z and each of ASCVD/FRS 7
scores in the same models to measure independent associ-
ations with these disease progression categories. As a
supplementary analysis, we also examined fasting glucose
(standardized) as a standalone predictor in place of and
alongside MetS Z. Lack of collinearity was verified when
including MetS Z and either of the CVD risk scores in the
same model, as well as supplementary models that included
MetS Z and fasting glucose. Because of collinearity, we were
unable to include both ASCVD and FRS in the same model.
Because age, sex, and race were each included in multiple risk
scores that we assessed, these factors were not included in
any of the models. Given our exclusion of incident disease by

visit 2 to assess the predictive ability of changes in scores, we
did a supplementary analysis of baseline scores only (and thus
including those individuals who developed disease after visit 1
but before visit 2).

Results

Participant Characteristics

Table 1 displays the cardiometabolic characteristics of the
8273 participants who met inclusion/exclusion criteria. In
comparison, individuals who developed DM and CVD before
visit 2 (who were thus excluded from the central analysis)
were slightly older (mean [SD] age, 54.1 [5.9] years), with
slightly higher baseline scores for MetS Z (mean [SD], 0.21
[0.80]), ASCVD (mean [SD], 0.07 [0.06]), and FRS (mean [SD],
0.13 [0.10]). Compared with those who never developed
either disease, those who developed T2DM after visit 1 had at
baseline greater abnormalities in MetS components, a higher
prevalence of Adult Treatment Panel Il MetS, and a higher
proportion of male sex and black race. These same
differences (compared with the disease-free group) were also
present at baseline among those who developed isolated
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Table 1. Descriptive Statistics at Baseline of Analytic Sample (n=8273)

No Incident T2DM Incident T2DM
Variable Overall No CVD Late CVD Early CVD No CVD Late CVD Early CVD
N (%) 8273 6268 (75.8) 1093 (13.2) 272 (3.3) 456 (5.5) 151 (1.8) 33 (0.4)
Sex (male), N (%) 3528 (42.6) 2380 (38.0) 632 (57.8) 201 (73.9) 209 (45.8) 87 (57.6) 19 (57.6)
Race (black), N (%) 1401 (16.9) 1021 (16.3) 169 (15.5) 34 (12.5) 131 (28.7) 34 (22.5) 12 (36.4)
Age, y 53.8+5.6 53.4+5.6 55.5+5.5 55.6+5.4 53.14+54 55.0+£5.3 55.1+6.1
Visit 1: current smoker, N (%) 1728 (20.9) 1210 (19.3) 282 (25.8) 84 (30.9) 98 (21.5) 38 (25.2) 16 (48.5)
Visit 2: current smoker, N (%) 1572 (19.0) 1092 (17.4) 266 (24.3) 77 (28.3) 88 (19.3) 33 (21.9) 16 (48.5)
BMI, kg/m2 27.0+4.8 26.6+4.7 27.0+4.4 27.5+3.9 30.5+6.0 30.6+5.4 29.7+4.9
Waist circumference, cm 95.0+£13.0 93.7+£12.8 96.1+£11.7 98.2+10.4 104.3+141 105.3+121 104.1+11.0
HDL, mg/dL 53.3+£16.8 55.1+£171 49.3£15.2 4444123 474145 43.2+11.9 39.9+11.2
LDL, mg/dL 136.0+37.7 133.44+-36.8 144.1+39.3 152.4+40.7 137.7+381 147.94+35.3 154.9445.5
SBP, mm Hg 118.2+16.7 116.7+16.2 121.4+16.8 124.3+181 123.0+15.5 128.3+18.2 131.44+26.0
Triglycerides, mg/dL 121.7+73.3 115.8+70.9 1321+71.2 141.0+78.3 148.1+80.1 165.7+103.4 154.5+76.7
Glucose, mg/dL 97.6+8.6 96.7+8.2 98.0+8.3 98.7+8.4 105.4+9.3 105.5+9.3 104.9+10.2
ATP-lIl MetS, N (%) 2546 (30.8) 1610 (25.7) 391 (35.8) 119 (43.8) 294 (64.5) 109 (72.2) 23 (69.7)
MetS severity score 0.03+0.75 —0.07+0.73 0.18+0.69 0.34+0.66 0.64+0.66 0.78+0.64 0.80+0.64
FRS (2008) 0.10+0.08 0.08+0.07 0.13+0.09 0.17+0.10 0.11+0.08 0.16+0.10 0.20+0.11
ASCVD (2013) 0.05+0.05 0.04+0.04 0.07+0.05 0.09+0.06 0.06+0.05 0.09+0.06 0.13+0.09
Follow-up time to CVD (years) 20.7+4.8 22.3+29 16.0+41 6.2+1.7 21.4+39 15.9+4.6 6.6+1.6

Unless noted, mean+SD values are provided. ASCVD indicates atherosclerotic cardiovascular disease; ATP-Ill, Adult Treatment Panel Ill; BMI, body mass index; CVD, cardiovascular
disease; FRS, Framingham risk score; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MetS, metabolic syndrome; SBP, systolic blood pressure; T2DM, type 2 diabetes mellitus.

incident CVD, with these individuals also having higher levels
of low-density lipoprotein. Those who developed both T2DM
and early CVD had the highest proportion of smokers of any
group (48.5%).

Visit 1 Risk Score Level and Changes in Risk
Score Level (Visit 2-Visit 1), by Diagnosis Group

Figure 2A provides mean CVD risk scores and MetS Z scores
at visit 1 by disease diagnosis group. Baseline levels of all
scores were gradually higher in groups that experienced no
CVD, late CVD, and early CVD, respectively, regardless of
T2DM status. In each case, scores were highest for those
who developed T2DM. Seen in Table S1, the OR for late CVD
for the ASCVD score was 2.2 for those without T2DM,
compared with an OR of 3.4 for those who developed T2DM
first; these results were nearly identical for FRS. The
difference in risk for late CVD between the T2DM groups
was particularly striking for MetS Z, with an OR for late CVD
of 1.6 without T2DM compared with an OR of 6.9 for those
who developed T2DM first. For each diagnosis category,
MetS Z had higher ORs than a Z score of fasting glucose
values alone (Table S1).

We next assessed whether changes in score values over
time were associated with additional increase in car-
diometabolic disease risk, supporting the utility in tracking
scores within individuals. Figure 2B provides mean changes in
scores between visits 1 and 2, adjusted for visit 1 score, by
disease diagnosis group. Similar patterns emerged to what
was observed with baseline scores. Among those who did not
develop T2DM, there were higher degrees of change in CVD
risk scores among those with isolated incident CVD. The
degree of change in MetS severity Z scores between visits 1
and 2 was much more striking before incident T2DM, although
there was no significant difference in the degree of change
between those with or without additional CVD diagnosis. In
logistic regression models, each SD change in MetS Z score
(relative to the change in nondiseased individuals) carried an
OR of 3.6 in isolated incident T2DM and 3.5 and 5.2 in those
with T2DM and late and early CVD, respectively (Table S1).

Primary Analysis: Odds of Disease Progression

Because of relatively small frequencies when breaking down
CVD by time period, our primary analysis used multinomial
logistic regression to assess the relationship between the
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Figure 2. Mean baseline scores and change in scores between visit 1 and visit 2 by disease category. Scores (mean [95% confidence interval
{CI}]) for metabolic syndrome (MetS) severity Z score, atherosclerotic cardiovascular disease (ASCVD) pooled cohort score, and Framingham risk
score by ultimate disease diagnosis category are shown for baseline visit and changes in scores from visit 2 to visit 1 (V2-V1), adjusted for visit
1. Early CVD=incident disease between visit 2 and visit 4 (between ~3 and ~9 years after visit 1); late CVD=incident adjudicated CVD event
after visit 4 (>~9 years after visit 1). T2DM indicates type 2 diabetes mellitus.

scores and odds of each of three different categories of
disease progression (compared with no disease): (1) isolated
CVD (no T2DM), (2) isolated T2DM (no CVD), and (3) T2DM
followed by CVD. We fit separate models for each individual
score (as Z scores within the analytic cohort), as well as
models with the combination of a CVD risk score and MetS
severity (Table 2). When assessed in individual models, both
ASCVD and FRS (baseline and change in scores) were
associated with increased odds of each type of disease
progression. These 2 scores were associated with isolated
T2DM, and unsurprisingly they were more strongly associated
with isolated CVD. Likewise, MetS severity by itself was
associated with all 3 types of disease progression, but was
more strongly associated with T2DM-related progression (with
and without eventual CVD).

When the MetS severity Z score was included in models with
ASCVD (Table 2, model 4), only MetS Z was associated with
isolated T2DM (OR=5.0). Both scores remained independently
associated with isolated CVD, with ASCVD being the stronger
predictor (OR of 2.3 for ASCVD and 1.1 for MetS Z2). With
respect to T2DM that progressed to CVD, both scores were
associated with this outcome, but it appears the association
with ASCVD is attributable to the associated CVD outcome
(OR=2.4, compared with OR=2.3 for isolated CVD), whereas the
association with MetS severity is attributable to its association
with T2DM (OR=4.9, versus OR=5.0 for isolated T2DM). For
change in score, changes in ASCVD (OR=1.7) but not MetS Z
were associated with impending isolated CVD, whereas only
changes in MetS Z were associated with T2DM, both isolated
(OR=3.9) and with progression to CVD (OR=4.1). Similar results
were observed in the model that included FRS and MetS Z.

When combined with CVD risk scores, MetS Z had consistently
higher ORs for future disease than did a Z score of fasting
glucose values alone (Table S2). A baseline-only analysis (thus
including those individuals who developed disease after visit 1
but before visit 2) revealed similar results for baseline scores
(examined individually and jointly) (Table S3).

Discussion

The dramatic increase in CVD risk associated with develop-
ment of T2DM, both because of shared cardiometabolic risk
factors®' and additional effects of glycosylation,® makes
prediction of T2DM a relevant factor to consider for the
clinical utility of cardiovascular risk scores. We found that
both the ASCVD and FRS scores were associated with future
T2DM, as evidenced by higher baseline scores and elevated
ORs among those who went on to develop T2DM, whether
they developed CVD afterward. These data both highlight
T2DM as a stage toward development of CVD and emphasize
that CVD risk scores could be used to identify those at high
risk not only for CVD but also T2DM. Although current
American Diabetes Association guidelines recommend dia-
betes mellitus screening every 3 years,®® individuals with
particularly high baseline risk scores could receive additional
emphasis to watch for symptoms of new T2DM, prompting
earlier follow-up screening, as well as enroll in prevention
therapies, such as the National Diabetes Prevention Program.

Elevated cardiometabolic risk was also seen using a MetS
severity Z score. MetS Z significantly predicted those who
developed T2DM (with or without CVD), with mean MetS
severity scores at baseline (displayed in Figure 2) exhibiting a
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Table 2. Multinomial Logistic Regression: Odds of Disease Progression*

0dds of CVD (No T2DM) (n=1365) 0dds of T2DM — No CVD (n=456) 0dds of T2DM — CVD (n=184)"
Variable Odds Ratio (95% Cl) P Value Odds Ratio (95% Cl) P Value Odds Ratio (95% Cl) P Value
Model 1: MetS Zonly
Visit 1 1.77 (1.63-1.93) <0.0001 5.10 (4.37-5.95) <0.0001 6.99 (5.51-8.88) <0.0001
Change (visit 2-visit 1) 1.14 (0.99-1.32) 0.0663 3.55 (2.79-4.51) <0.0001 3.71 (2.58-5.33) <0.0001
Model 2: ASCVD Z only*
Visit 1 2.43 (2.25-2.62) <0.0001 1.65 (1.47-1.84) <0.0001 3.87 (3.12-4.81) <0.0001
Change (visit 2-visit 1) 1.62 (1.36-1.94) <0.0001 1.43 (1.08-1.88) 0.0122 1.60 (1.01-2.51) 0.0434
Model 3: FRS Zonly*
Visit 1 2.33 (2.17-2.50) <0.0001 1.67 (1.51-1.86) <0.0001 3.45 (2.87-4.14) <0.0001
Change (visit 2-visit 1) 1.53 (1.32-1.76) <0.0001 1.35 (1.08-1.69) 0.0090 1.64 (1.15-2.34) 0.0065
Model 4: MetS and ASCVD®
Visit 1
MetS 7 1.12 (1.01-1.23) 0.0308 4.99 (4.23-5.88) <0.0001 4.92 (3.79-6.37) <0.0001
ASCVD Z7* 2.34 (2.15-2.54) <0.0001 0.96 (0.85-1.09) 0.5406 2.36 (1.88-2.96) <0.0001
Change (visit 2-visit 1)
MetS 7 0.93 (0.79-1.10) 0.4018 3.85 (2.95-5.03) <0.0001 4.11 (2.74-6.17) <0.0001
ASCVD Z* 1.71 (1.39-2.09) <0.0001 0.77 (0.57-1.04) 0.0893 0.86 (0.54-1.38) 0.5333
Model 5: MetS and FRS®
Visit 1
MetS 7 1.00 (0.90-1.11) 0.9676 5.10 (4.30-6.04) <0.0001 4.72 (3.62-6.15) <0.0001
FRS 7*# 2.31 (2.13-2.50) <0.0001 0.94 (0.83-1.06) 0.3055 2.11 (1.72-2.59) <0.0001
Change (visit 2-visit 1)
MetS 7 0.89 (0.76-1.06) 0.1873 4.09 (3.11-5.37) <0.0001 4.19 (2.76-6.38) <0.0001
FRS 7*# 1.61 (1.36-1.90) <0.0001 0.72 (0.56-0.93) 0.0115 0.88 (0.59-1.32) 0.5387

ASCVD indicates atherosclerotic cardiovascular disease; Cl, confidence interval; CVD, cardiovascular disease; FRS, Framingham risk score; MetS, metabolic syndrome; T2DM, type 2

diabetes mellitus.
*Relative to no T2DM or CVD throughout study.

fIncludes the 33 individuals who had incident T2DM and CVD between visits 2 and 4, with some of them having a CVD event before classification as T2DM.
%7 scores were calculated for both ASCVD and FRS to allow for comparisons of odds ratios across the 3 scores. These Z scores were based on the visit 1 mean and SD. Odds ratios

calculated for a 1-unit increase in Z score (ie, a 1-SD increase).
For models 4 and 5 (that include MetS and 1 of each of the CVD risk scores).

Odds ratios are highlighted in bold for the score that significantly outperforms the other (evidenced by nonoverlapping 95% Cls). No collinearity was present when using both MetS Z and

either of the CVD risk scores in the same model.

nearly linear increase going from the group who remained
disease free in follow-up, to the group who had isolated
incident CVD, next to the group with isolated T2DM, and
finally to the group who developed both. When including both
MetS severity and either CVD risk score in the same model, as
may be done eventually in electronic health record systems to
optimize risk prediction,®* the CVD risk scores continued to
be a better predictor of CVD (with or without T2DM) and MetS
severity continued to be a stronger predictor of T2DM, both
with and without eventual CVD. This makes sense in that
although each of these prediction tools had substantial
overlap in the components used to calculate the scores, with
each assessment including inputs for sex, HDL cholesterol,
and systolic blood pressure, there are multiple differences in

score calculation to drive variation in risk prediction. The CVD
scores both use low-density lipoprotein and smoking, critical
predictors of CVD. The MetS severity score, by contrast, does
not include these and instead includes fasting lipids and
glucose. Thus, these scores are likely measuring different
aspects of risk, with MetS Z potentially estimating a
component of cardiometabolic risk not captured by the
traditional CVD scores.

Indeed, a key difference between these scores is in their
formulation, in that although the ASCVD and FRS were
formulated by modeling predictive factors associated with
CVD outcomes observed within a 10-year period, the MetS
severity Z score was formulated according to how the
individual components of MetS correlate together, likely as
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an estimate of the underlying processes that cause the
abnormalities in the individual components to cluster
together. This appears to contribute to disease development
in that prior studies indicated that MetS severity confers
additional disease risk, even in models that include the
individual risk factors,'”?? contrasting with past perceptions
that MetS “was not worth more than the sum of its parts.”®
Also, although MetS severity increases with age, age itself is
not a component of the score, as it is with the ASCVD and
FRS scores, and the models we tested were not adjusted for
age, highlighting the importance of MetS severity for disease
risk irrespective of age.

One important feature of continuous scores is the potential
to track risk in an individual over time, with dramatic interval
changes in scores signifying a particular increase in risk. We
found that a change in ASCVD and FRS over a 3-year period
conferred an increased risk of CVD and T2DM, supporting
potential utility in their use to monitor for cardiometabolic
derangement over time. Changes in MetS severity Z score
conferred an increase in risk for CVD that was much greater
when associated with T2DM. This suggests that MetS Z is a
more specific assessment of underlying cardiometabolic
factors, of potential importance given that T2DM is a common
prequel to CVD.

Although these findings reflect important metabolic rela-
tionships in a large cohort with long-term follow-up, these
analyses also have some limitations. We assessed risk for late
CVD events through 20 years of follow-up, although the CVD
risk scores were derived to predict 10-year risk; thus,
interpretation of risk beyond 10 years should be done with
caution. However, we were not focused on validation of risk
prediction models, but strictly how these scores (and changes
in scores) were associated with categories of future disease. In
addition, although CVD outcomes data were adjudicated over
20 years of follow-up, we were more limited in our data on
incident diabetes mellitus, which relied on a combination of
patient report, medication use, and laboratory assessment; this
was a conservative approach, potentially underrepresenting
true T2DM incidence during the 3 follow-up visits, and
furthermore lacking the long-term follow-up that was available
for CVD. Also, participants in the ARIC Study (and FHS) were
initially recruited in an era when statin use was unavailable,
likely contributing to why the ASCVD and FRS scores overpre-
dict future disease in more modern cohorts®® and limiting some
of the generalizability of these findings. Finally, we assessed for
how baseline levels and 3-year changes in these scores were
associated with development of CVD over a 20-year period,
limiting our scope to be able to demonstrate a more tangible
sequence, such as primordial stage (obesity/prediabetes/
prehypertension) becoming cardiovascular risk factors (overt
diabetes mellitus and hypertension) leading to cardiovascular
events, which will be the subject of a future analysis.

In conclusion, we demonstrated the following: (1) common
CVD risk prediction tools are associated with development of
future T2DM, both in the presence and absence of future CVD;
and (2) changes in these scores are associated with additional
increased risk beyond baseline. Unsurprisingly, of the 3
scores evaluated, a MetS severity Z score exhibited the
strongest associations with future T2DM, and future CVD
subsequent to T2DM. Practitioners and patients should be
cognizant that particularly elevated risk scores also confer
risk for T2DM and T2DM-associated CVD. In all cases,
elevations in score and greater increase in score over time
should motivate all to redouble efforts toward preventative
lifestyle improvements and risk reduction.
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Table S1. Multinomial Logistic Regression by Score Results: Odds of Disease Category (Relative to No CVD or T2DM over Observed Time

Period)*
Model 1: Model 2: Model 3: Model 4:
Odds Ratios (95% Cl)t Glucose Z MetS Z ASCVD z% Framingham z*
(relative to No Diabetes, no CVD; n=6268)) Visit 1 Change Visit 1 Change Visit 1 Change Visit 1 Change
(V2-Vv1) (V2-V1) (V2-V1) (V2-V1)
No Diabetes (by V4), Incident Late CVD (n=1093) 1.22 1.10 1.64 1.04 2.19 1.50 2.11 1.42
(1.13, (1.02, 1.18) (1.49,1.80)  (0.89, 1.22) (2.02, 2.38) (1.23, (1.96, (1.21,
1.31) 1.81) 2.27) 1.65)
No Diabetes (by V4), Incident Early CVD (n=272) 1.40 1.26 2.43 1.66 4.03 2.41 3.68 2.15
(1.22, (1.10, 1.45) (2.03,2.91) (1.24,2.23) (3.36, 4.84) (1.64, (3.16, (1.59,
1.60) 3.55) 4.30) 2.90)
Incident “Early” Diabetes , no CVD (n=456) 4.25 2.70 5.12 3.56 1.65 1.43 1.68 1.35
(3.77, (2.41, 3.03) (4.39,5.98) (2.80,4.53) (1.48, 1.85) (1.08, (1.51, (1.08,
4.79) 1.88) 1.86) 1.69)
Incident “Early” Diabetes, Incident Late CVD 4.56 2.99 6.85 3.47 3.41 1.47 3.17 1.48
(n=151) (3.75, (2.47, 3.61) (5.28,8.89)  (2.33,5.16) (2.71, 4.30) (0.90, (2.60, (1.01,
5.55) 2.40) 3.86) 2.19)
Incident “Early” Diabetes, Incident Early CVD 4.11 2.82 7.88 5.23 8.50 2.65 5.59 2.79
(n=33) (2.76, (1.91, (4.57, (2.28, (4.63, (0.87, (3.51, (1.19,
6.12) 4.16) 13.57) 12.01) 15.62) 8.07) 8.89) 6.53)
* Early = Incident Disease between Visit 2 and Visit 4 (between ~3 and ~9 years after Visit 1)
Late CVD = Incident adjudicated CVD event after Visit 4 (> ~9 years after Visit 1)
t Odds ratios in bold indicate statistical significance (p < 0.05). No collinearity was present when using both MetS Z and either of the CVD risk score in the
same model.
¥ Z-scores were calculated for Fasting Glucose, ASCVD, and Framingham Risk Scores to allow for comparisons of odds ratios across the three scores. These z-scores

were based on the Visit 1 mean and SD. Odds ratios calculated for a 1-unit increase in z-score (i.e., a 1 SD increase)



Table S2. Odds of Disease Progression, Examining Fasting Blood Glucose*

Odds of CVD (no T2DM), n=1365 Odds of T2DM = No CVD, n=456 Odds of T2DM - CVD#, n=184

Odds Ratio (95% Cl) p-value Odds Ratio (95% Cl) p-value Odds Ratio (95% CI)  p-value
Individual Models
Model 1: Glucose Z Only
Visit 1 1.25(1.17, 1.34) <0.0001 4.24 (3.77,4.78) <0.0001 4.47 (3.74, 5.35) <0.0001
Change (Visit 2 — Visit 1) 1.13 (1.06, 1.21) 0.0003 2.70 (2.41, 3.03) <0.0001 2.95(2.49,3.51)  <0.0001
Model 2: MetS Z Only
Visit 1 1.77 (1.63, 1.93) <0.0001 5.10(4.37,5.95) <0.0001 6.99 (5.51, 8.88) <0.0001
Change (Visit 2 — Visit 1) 1.14 (0.99, 1.32) 0.0663 3.55 (2.79, 4.51) < 0.0001 3.71 (2.58, 5.33) < 0.0001
Joint Model
Model 3: MetS and Glucose Z
Visit 1
MetS Z 1.73 (1.58, 1.91) < 0.0001 2.74 (2.30, 3.26) <0.0001 3.88 (2.98, 5.04) < 0.0001
Glucose Z* 1.03 (0.95, 1.11) 0.4789 3.15(2.77, 3.58) <0.0001 3.04 (2.50, 3.69) <0.0001
Change (Visit 2 - Visit 1)
MetS Z 1.10(0.94, 1.29) 0.2222 2.12 (1.61, 2.79) <0.0001 2.03 (1.35, 3.07) 0.0007
Glucose Z* 1.04 (0.97, 1.12) 0.2501 2.17 (1.91, 2.46) < 0.0001 2.33(1.93, 2.82) < 0.0001

Relative to no T2DM or CVD throughout study

T Z-scores were calculated for fasting glucose to allow for comparisons of odds ratios with MetS Z. These z-scores were based on the Visit 1 mean and
SD. Odds ratios calculated for a 1-unit increase in z-score (i.e., a 1 SD increase).
¥ Includes the 33 individuals who had incident T2DM and CVD between Visits 2 and Visit 4, with some of them having a CVD event before classification

as T2DM



Table S3. Multinomial Logistic Regression: Odds of Disease Progression, Baseline Scores Only*

Odds of CVD (no T2DM), n=1472§

Odds of T2DM = No CVD, n=953§

Odds of T2DM - CVD§, n=392

0dds Ratio (95% Cl)

p-value

0dds Ratio (95% Cl)

p-value

0Odds Ratio (95% Cl)

p-value

Model 1: Visit 1 MetS Z Only

Model 2: Visit 1 ASCVD Z Only*
Model 3: Visit 1 Framingham Z Only*
Model 4: Visit 1 Glucose Z Only*

Model 5: Visit 1 MetS and ASCVD#

MetS Z
AScvD Z*

Model 6: Visit 1 MetS and Framingham#

MetS Z
Framingham Z'

Model 7: Visit 1 MetS and Glucoset

MetS Z
Glucose Z*

1.79 (1.65, 1.93)

2.34(2.18, 2.51)

2.29 (2.14, 2.44)

1.21(1.14, 1.28)

1.15 (1.05, 1.26)
2.23 (2.07, 2.41)

1.04 (0.95, 1.15)
2.24 (2.07, 2.41)

1.76 (1.62, 1.92)
1.01 (0.95, 1.08)

<0.0001

<0.0001

<0.0001

<0.0001

0.0032
<0.0001

0.4099
<0.0001

<0.0001
0.6964

4.35 (3.91, 4.83)

1.64 (1.52, 1.77)

1.65 (1.54, 1.77)

3.30(3.09, 3.59)

4.20 (3.75, 4.72)
1.01(0.92, 1.10)

4.36 (3.87, 4.91)
0.95 (0.87, 1.04)

2.48 (2.20, 2.79)
2.60 (2.40, 2.82)

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001
0.8584

<0.0001
0.2259

<0.0001
<0.0001

6.40 (5.46, 7.51)

3.72(3.22, 4.30)

3.36 (2.96, 3.80)

3.41 (3.08, 3.78)

4.44 (3.73, 5.27)
2.28 (1.96, 2.66)

4.31(3.61, 5.14)
2.01(1.75, 2.31)

3.87 (3.25, 4.60)
2.40(2.15, 2.69)

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

+

Relative to no T2DM or CVD throughout study

Z-scores were calculated for ASCVD, Framingham Risk Scores, as well as glucose, to allow for comparisons of odds ratios across the four measures.
These z-scores

were based on the Visit 1 mean and SD. Odds ratios calculated for a 1-unit increase in z-score (i.e., a 1 SD increase)

For Models 4 and 5 (that include MetS and one of each of the CVD risk scores), OR’s are highlighted in bold for the score that significantly out-
performs the other (evidenced by non-overlapping 95% Cl’s). No collinearity was present when using both MetS Z and either of the CVD risk score in

the same model.

Unlike primary analysis, includes individuals who developed disease (T2DM and/or CVD) after Visit 1 (but before Visit 2)



