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Abstract

Purpose of Review—There is evidence from epidemiologic studies that variability in 

cardiovascular risk factors influences risk of cardiovascular disease. We review new studies and 

novel findings in the relationship between visit-to-visit glycemic variability and blood pressure 

variability and risk of adverse outcomes.

Recent Findings—Visit-to-visit glycemic variability is consistently linked to macrovascular 

disease. This relationship has been observed in both clinical trials and retrospective studies of 

electronic health records. Long-term blood pressure variability also predicts cardiovascular 

outcomes, and the association appears stronger in those with lower levels of systolic and diastolic 

function.

Summary—As epidemiologic evidence increases in support of a role for metabolic risk factor 

variability in cardiovascular risk, there is a corresponding rise in interest in applying this 

information toward improving risk factor prediction and treatment. Future investigation of 

underlying mechanisms for these associations as well as implications for therapy is also warranted. 

The potential additive contribution of variability of multiple parameters also merits additional 

scrutiny. As our technology for capturing risk factor variability continues to improve, this will only 

enhance our understanding of its links with vascular disease and how to best utilize this 

information to reduce cardiovascular outcomes.
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Introduction

Research efforts over the last 50+ years have focused on identifying key risk factors for 

vascular complications and developing strategies to reduce mean levels of these factors to 

safer ranges in higher risk individuals, such as those with prediabetes and diabetes. Although 

this strategy has brought substantial success, such as reducing cardiovascular disease (CVD) 

with lowering of LDL cholesterol, its limitations have also become apparent. This has been 

particularly apparent with attempts to reduce macrovascular disease in patients with more 

advanced type 2 diabetes (T2D). Benefits of intensive glucose-lowering therapy on rates of 

macrovascular complications and death for T2D patients by lowering mean HbA1c levels to 

near normal levels were modest at best, as demonstrated in several major clinical trials 

including ACCORD, ADVANCE and VADT [1–3]. Why reduction of glucose levels and 

HbA1c did not have the anticipated success in reducing vascular outcomes and the optimal 

glucose-control strategies remain unclear.

However, we and others have demonstrated that long-term glycemic variability, defined as 

visit-to-visit glucose variation, was associated with risk of CVD, [4] renal disease, and 

mortality [5], independent of traditional markers of glycemic control such as average 

glucose or HbA1c. Similarly, there is an abundance of research over the last decade 

demonstrating that blood pressure variability is an independent predictor of CVD, including 

stroke, after accounting for mean blood pressure levels [6, 7]. These relationships persist 

even in the setting of aggressive blood pressure lowering, and in fact may be more robust at 

lower levels of systolic and diastolic function [8, 9•]. Importantly, fluctuation in other risk 

factors, such as weight and lipids, has also been reported to be independent contributors to 

CVD [10•]. Thus, there is increasing recognition that variation in risk factors cannot be 

ignored as simply measurement error; it instead represents both physiologically and 

environmentally driven risk factor change. Importantly, variability in multiple risk factors is 

linked with vascular outcomes in ways not fully appreciated and that is not captured by 

standard clinical assessments of mean levels of these risk factors.

Progress in this field, however, has been slowed in part by the complexity of characterizing 

risk factor fluctuation in terms of both time and variability metrics. For risk factors such as 

glucose and blood pressure, meaningful variation in these measures can occur over minutes 

or months and consequences may vary as a result. For example, beat to beat variation in 

blood pressure may have different determinants and consequences than visit-to-visit 

variation in blood pressure over months to years. Moreover, the optimal metrics (e.g., 

standard deviation, coefficient of variation, change in amplitude) for capturing variability 

risk are still being established and may vary among risk factors [6, 11]. We are also limited 

by the technology available for capturing acute and chronic variability. The precision of 

instruments used for short- and long-term assessments at home has typically been lower than 

that of instruments used in the ambulatory setting. This more controlled and consistent 

collection of vital signs and laboratory markers during clinic visits may be one reason that 

visit-to-visit variability assessments have proven useful in predicting risk. Importantly, as 

our home-based technology has become more sophisticated and broadly available, as with 

continuous glucose monitoring, we are realizing that newer metrics of glucose variation such 
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as “time in range” may be as useful, or more useful than, mean levels of glucose control in 

determining acute and chronic diabetes complications [12].

Despite these limitations, substantial advances in our understanding of the importance of 

risk factor variability have occurred. There is little doubt that as our ability to more precisely 

and continually capture variability in risk factors increases, our appreciation of the clinical 

importance of this variability will expand dramatically. The current review will consider 

some of the complexities of assessing risk factor variability and will highlight the growing 

body of evidence supporting the importance of risk factor variability in vascular 

complications. We will focus on variability, particularly more chronic visit-to-visit changes, 

of glucose and blood pressure, as studies in these areas provide the most developed 

examples of our increasing understanding of risk factor variability and vascular disease. 

Importantly, the rapid development of electronic health record systems over the last two 

decades will allow providers to readily track and calculate risk factor variability and 

potentially integrate this into efforts to provide more personalized treatment strategies for 

each patient.

Metrics and Analysis Approaches for Visit-to-Visit Variability

Different statistical metrics of variability have been used to assess fluctuation of risk factors 

in different studies; however, there is also currently no consensus on the best statistical 

metrics to use to capture the risk of either short-term or long-term measures of risk factor 

variation. However, for the reasons noted above, in this review, we focus on visit-to-visit 

long-term variability and highlight several commonly used definitions of variability, 

including standard deviation (SD), coefficient of variation (CV), average real variability 

(ARV), sequential variability (SV), and variation independent of mean (VIM) (Table 1) for 

glucose, HbA1c, and blood pressure. Importantly, most of these variability metrics usually 

were highly correlated and typically lead to similar conclusions, so most studies focused on 

a few key complementary metrics. In a few studies where mean levels of risk factors were 

trending up or down over time, residuals of these metrics were generated (to better estimate 

variation after accounting for the time trend in risk factors).

When estimating the risk of glycemic and blood pressure measures of variability, the 

selected metrics are often included in Cox proportional hazard models [13] as continuous 

and time-dependent covariates that permit one to consider their effects right up to the time of 

an outcome. Using time-dependent estimate models typically permits inclusion of more 

(serial) measures of risk factors (given the longer period of risk factor monitoring) and 

presumably quantifies the full extent of risk factor variation more accurately up to the 

outcome of interest. In contrast, some long-term observational studies have used an initial 

period of time where risk factor variation was captured as “a landmark period,” and this was 

related to events during a subsequent observation period [14]. Although the latter approach 

is reasonable and straightforward, it shortens the period of variability monitoring and 

assumes that variation during the observational period remains similar to that during the 

landmark period or will not substantially influence the outcomes.
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Glycemic Variability and Macrovascular Disease

There has been growing support for the possibility that visit-to-visit fasting glucose and/or 

HbA1c variability may add to standard glycemic measures for prediction of cardiovascular 

complication in patients with diabetes. To build on older reviews of glucose variability, we 

searched PubMed/Medline for recent high-quality large cohort studies published between 

2018 and September 2020. Similar criteria were also used in a review and meta-analysis of 

earlier studies [15]. This search identified 8 studies that examined the risk of glycemic 

variability for macrovascular diseases with relatively large sample sizes. A summary of these 

studies is shown in Table 2. Of these 8 studies, 4 were post hoc secondary analysis of 

clinical trials [4, 16, 17••, 18] and 4 were retrospective studies utilizing electronic medical 

records data [19–22]. Five studies included participants with T2D only, with mean age 

ranges from 62 to 67; two studies included non-diabetes populations with mean ages of 40 

and 64.9, respectively; and one study enrolled participants with and without diabetes with a 

mean age of 65 years. The follow-up ranged from 2 years [18] to 8 years [22] in these 

studies. The number of HbA1c or glucose measurements per patient ranged from as few as 3 

[16] to 18 [4]. The definition of glycemic variability, the outcome evaluated, and study 

follow-up time and main results are shown in Table 2. Both time-varying and landmark 

methods were adopted in these studies to evaluate risk of glycemic variability.

All studies were adjusted for relevant CVD baseline covariates and covariates reflecting 

mean glycemic control. Segar et al. [17••] additionally adjusted for BP, BMI, LDL-c 

variability, and time-dependent myocardial infarction (MI) incidence; yet, even after these 

adjustments, glycemic variability, including both HbA1c and glucose variability defined by 

average successive variability (ARV), SD, and coefficient of variation (CV), still showed an 

independent association with heart failure (HF). In the fully adjusted model in this study, the 

hazard ratio (HR) for the risk of HF was 1.24 (95% CI 1.12–1.37) per 1 SD higher in ARV. 

Results stayed the same with other metrics of glycemic variability and after excluding 

patients with hypoglycemic events. Within the VADT, variability measures (CV and ARV) 

of fasting glucose were significantly associated with a composite CVD after adjusting for 

other risk factors, including mean fasting glucose, as shown by Zhou et al. [4]. The HR was 

estimated to be 1.138 (1.038, 1.247) per 1 SD increase in ARV. When considering separate 

groups receiving intensive and standard glycemic control, this relationship was evident only 

in the intensive treatment group but not in the standard group. This raises the possibility that 

excessive variability in the setting of intensive glucose lowering may counter the CVD 

benefits of improved overall glucose control. Although this would lead one to suspect 

hypoglycemia as a confounder or mediator of glucose variability induced harm, additional 

adjustment for severe hypoglycemic episodes did not alter the relationship between fasting 

glucose variability and CVD in the VADT analysis. Interestingly, in this study, variability in 

HbA1c measures was not associated with CVD, after adjusting for multiple baseline risk 

factors [4]. In contrast, in ACCORD, fasting blood glucose variability was less strongly 

associated with heart failure than was HbA1c variability, although similar strength of risks 

for both fasting blood glucose and HbA1c was shown for CVD [17••]. All eight studies 

demonstrated a dose-response pattern between glycemic variability and adverse outcomes, 

including heart failure, all-cause mortality, and CVD mortality. However, in both the 

DEVOTE trial and ALLHAT, while fasting blood glucose variability was significantly 
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associated with MACE and other CVD outcomes, statistical significance did not persist after 

adjusting for either baseline HbA1c, most recent HbA1c, or average fasting blood glucose. 

At least in the ALLHAT study, this may reflect the fact that only a portion of the participants 

had diabetes and therefore a broader range of glucose variability. Several of the recent 

studies have taken advantage of the enormous data stored in medical records to conduct 

glycemic variability analyses in very large populations. Using a national records database in 

Korea of 3,211,319 people, fasting blood glucose variability was also found associated with 

MI, stroke, and all-cause mortality [22]. Age-specific analyses demonstrated that glycemic 

variability was not only a risk factor for older individuals with longer durations of diabetes 

[4, 17••] but also a risk factor among younger people with diabetes in relatively good 

glycemic control [21]. Overall, 6 out of these 8 studies found significant associations 

between glycemic variability and CVD events even in fully adjusted models that included 

measures of average glycemic control.

The present results add to the previous findings of significant associations between HbA1c 

variability (SD and CV) and macrovascular disease nicely summarized in the 2015 

systematic review and meta-analysis by Gorst et al. Although this link between HbA1c 

variability and macrovascular outcomes still holds in more recent publications (after 2015) 

[4, 17••, 19–22], more current publications have highlighted that these associations are as 

strong or stronger with variability in other measures of glycemic control, such as fasting 

glucose. Similarly, recent studies have demonstrated that glucose variability is also 

associated with less traditional cardiovascular outcomes, such as heart failure.

Factors Contributing to Glycemic Variability

Although much attention has been paid to the possibility that glycemic variability is a risk 

factor for the development of complications in subjects with or without diabetes, few studies 

have focused on identifying factors, particularly modifiable ones, associated with glycemic 

variability. One hypothesis put forward by Ceriello et al. is that risk factor variability in 

general is a function of less than ideal medical care. In support of this concept, Ceriello et al. 

[23] showed that overall quality of care at baseline, as summarized by the Q-score, was able 

to predict the variability of HbA1c, blood pressure, serum uric acid, and lipid profile in 

patients with T2D. The Q-score is a weighted sum of quality care indicators including 

HbA1c, blood pressure, LDL cholesterol, and microalbuminuria. The score ranges between 

0 and 40, with a higher score indicating better quality of care. Whether this relationship of 

glycemic variability with the Q-score reflects in part inadequate medication use or poor 

medication adherence, it is clear that medications likely contribute to glycemic variation. 

Early studies found that the use of sulfonylurea agents was positively and independently 

associated with glucose variability measured as the mean amplitude of glycemic excursion 

[24]. In contrast, it was also shown that glucose variability is lower in those taking 

dipeptidyl peptidase-4 inhibitors [25]. There is also evidence in recent studies that 

administration of either sodium-glucose cotransporter 2 (SGLT2) inhibitors [26] or 

glucagon-like peptide-1 (GLP-1) receptor agonists [27, 28] results in reductions in glucose 

variability. These observed benefits in glycemic variability may contribute to the 

cardiovascular outcome benefits seen with these latter two therapies. Although further 
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investigations are needed, selecting a medication that lowers overall glucose levels and 

variability may provide improved clinical outcomes.

These above findings suggest that variability in clinical parameters can be influenced by 

poor quality of care, poor compliance with medical recommendations, and/or medication 

selection. Importantly, these are modifiable factors and suggest that greater attention to these 

contributors may permit limiting the degree and impact of glucose variability.

Glycemic Variability: Mechanistic Studies and Clinical Implications

There are several mechanisms that may explain the association between visit-to-visit 

glycemic variability and cardiovascular adverse events. It has been shown that glucose 

variability leads to activation of vascular oxidative stress, which may be a major contributor 

to development of atherosclerosis [29, 30]. Other potential mechanisms include activation of 

monocytes and macrophages and enhanced production of inflammatory cytokines from these 

and other vascular cells [31, 32]. One could also speculate that as glucose variability is 

associated with more frequent hypoglycemic events, this might lead to increased 

cardiovascular events [33]. However, this latter possibility is currently unsupported as severe 

hypoglycemia did not appear to contribute to the association of glycemic variability with 

CVD in the VADT [4] or ACCORD [17••].

Several recent studies have used population-level data to address the link between glycemic 

variability and increased oxidative stress. The results and conclusions vary depending on the 

stage of diabetes, oxidative stress markers measured, and the treatment intervention adopted. 

Studying 90 T1D patients, Rodrigues et al. [34] found that glycemic variability correlated 

with oxidative stress (e.g., thiobarbituric acid reactive substances, TBARS, and glutathione 

reductase) and erythrocyte membrane stability variables. Among T2D patients (n=69), 

glycemic variability measured by mean amplitude of glycemic excursion (MAGE) and mean 

of daily differences (MODD) using continuous glucose monitoring (CGM) was significantly 

associated with increases in diacron-reactive oxygen metabolites (d-ROMs) in multivariate 

analysis adjusting for mean glycemic levels [35]. A growing body of evidence suggests that 

epigenetic modifications—changes to the genome that do not involve changes in DNA 

sequence—may significantly derail transcriptional programs implicated in angiogenesis, 

oxidative stress, and inflammation, thus fostering vascular damage in patients with diabetes 

[36]. Costantino et al. [37] investigated whether epigenetic regulation of the adaptor protein 

p66Shc, a key driver of mitochondrial oxidative stress, contributes to persistent vascular 

dysfunction in patients with T2D. In this study, thirty-nine patients with uncontrolled T2D 

(HbA1c >7.5%) and 24 age- and sex-matched healthy control subjects were consecutively 

enrolled. Intensive treatment was implemented for 6 months in the patients with T2D to 

achieve a target HbA1c of <7.0%. The p66Shc gene expression was significantly 

upregulated among patients with T2D compared with control subjects and the upregulation 

of p66Shc was not blunted by intensive glycemic control. p66Shc mRNA levels were also 

independently associated with 8-isoPGF urinary excretion and brachial artery flow-mediated 

dilation (FMD), regardless of adjustment for potential confounders, suggesting p66Shc 

expression may contribute to ongoing oxidative stress and vascular dysfunction. The effects 

of glycemic control on epigenetic remodeling of the p66Shc promoter were then 
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investigated. Epigenetic changes of p66Shc promoter, i.e., DNA hypomethylation and H3 

acetylation, promoted gene transcription in patients with T2D. Importantly, intensive 

glycemic control did not reverse these changes nor were they related to HbA1c values. In 

contrast, MAGE was independently associated with these same epigenetic signatures. 

Hence, glucose fluctuations may contribute to chromatin remodeling in this important gene 

which may account for persistent vascular dysfunction even in patients with T2D who 

achieve target HbA1c levels. Although this study indicates an exciting connection between 

glucose variability and signal pathways linked to vascular disease, these results need to be 

validated in a larger cohort and more direct causality remains to be established.

Blood Pressure Variability and Cardiovascular Risk

High blood pressure is a major risk factor for CVD and mortality worldwide [38]. The early 

view was that variations in blood pressure can be disregarded as meaningless fluctuation 

around the patient’s true blood pressure [39]. This perspective has given way in the last 

decade to the notion that visit-to-visit variability in BP (hereafter, BPv) is associated with 

mortality risk and risk of a range of unfavorable cardiovascular outcomes, including stroke, 

coronary heart disease, myocardial infarction, and heart failure [6, 9•, 11, 40–42].

These advances notwithstanding, there is much we do not understand about BPv that 

requires further scrutiny. In this section of the review, we discuss (i) the evolution of BPv as 

a predictor of cardiovascular risk; (ii) the evidence that BPv may be more important in 

persons with lower BP levels; (iii) recent work that posits a mechanistic explanation for the 

role of BPv in risk of CVD; and (iv) important gaps in our understanding of BPv.

Though we concentrate here on clinical studies of visit-to-visit BPv, we note that short-term 

variability by ambulatory monitoring and mid-term variability by more chronic home 

monitoring have also been implicated in CVD risk [6].

The work of Rothwell et al. in 2011 greatly expanded our understanding of the role of BPv 

as a cardiovascular risk factor. Using data from the large Anglo-Scandinavian Cardiac 

Outcomes Trial - Blood Pressure Lowering Arm (ASCOT-BPLA), this group showed that 

systolic BPv was a predictor of stroke (HR = 6.22, 95% CI = 4.16–9.29), independent of 

mean blood pressure level [40].

Since that time, data from multiple cohort studies have shown that BPv is a predictor of 

adverse events and mortality. For example, Muntner and colleagues, using data from the 

Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT), 

expanded on these results to show that systolic and diastolic BPv predicted stroke, coronary 

heart disease, and mortality, even in a model adjusted for mean blood pressure level and 

other covariates such as medication adherence [41]. Analyses in ALLHAT, the Valsartan 

Antihypertensive Long-Term Use Evaluation (VALUE) Trial [9•], the Action to Control 

Cardiovascular Risk in Diabetes (ACCORD) Trial, and the Veterans’ Affairs Diabetes Trial 

(VADT) [43] have also linked BPv to risk of heart failure. Hazard ratios for increased visit-

to-visit BPv in a recent meta-analysis range from 1.10 to 1.18 for CVD events and mortality 

[6].
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Blood Pressure Variability in the Setting of Low Blood Pressure

One important refinement that is emerging as a potential theme in the literature is 

modification of the effect of BPv on cardiovascular risk in the setting of low blood pressure 

(Table 3). In the VALUE trial, Mehlum and colleagues reported that, while systolic BPv was 

linked to risk for CVD in the whole cohort, the association was stronger in patients with 

lower blood pressure during the treatment period (p for interaction < 0.0001) [9•]. Similarly, 

Poortvliet and colleagues reported using data from PROspective Study of Pravastatin in the 

Elderly at Risk (PROSPER) study that diastolic BPv was more predictive of vascular 

mortality in those with SBP below the median (p for interaction = 0.028) [8]. Moreover, in 

ACCORD, Nuyujukian et al. showed that the influence of BPv on risk of heart failure 

increased with progressively lower levels of baseline blood pressure [43].

Potential Mechanisms Linking Blood Pressure Variability to Adverse Outcomes

There is evidence from animal studies that indicates a direct role of BPv in vascular disease. 

For example, Miao et al. showed that BPv is a more important determinant of cardiac 

damage, aortic hypertrophy, and renal lesions in rats than blood pressure levels [44], and in 

another study that blood pressure variability may lead to aortic and left-ventricular 

hypertrophy [45].

Recent work in human cohorts sheds further light on mechanisms by which BPv may 

contribute to cardiovascular risk. Notably, Nwabuo et al., in an examination of 

echocardiographic data of 2400 participants of the Coronary Artery Risk Development in 

Young Adults (CARDIA) study, showed that increased systolic BPv was associated with 

higher left-ventricular mass index, worse diastolic function, and higher LV filling pressures. 

Results were similar for diastolic BPv and were consistent across variability metrics (SD, 

ARV, and VIM) [46]. While heart failure events were not available for analysis in this 

younger cohort, these associations suggest strongly that BPv may have a role in changes in 

cardiac structure that underlie adverse events. Using data from the Multi-Ethnic Study of 

Atherosclerosis (MESA), Shimbo et al. showed that aortic distensibility decreased as BPv 

increased, providing further evidence that the role of BPv in risk of CVD has a physiological 

basis [47].

It is unclear why low BP levels may exacerbate the influence of BPv on cardiovascular risk. 

Yet, in the STABILITY trial, BPv troughs (i.e., drops in BP below the mean, especially for 

diastolic blood pressure) appeared to have a more marked influence on cardiovascular 

outcomes. For example, at the lower end of diastolic BP levels (<67 mmHg), the highest 

tertile of diastolic BPv was linked to a 48% increased risk of MACE outcome (p = 0.008). 

Vidal-Petiot and colleagues speculate that impaired autoregulation or coronary stenosis may 

account for the enhanced CVD risk due to blood pressure troughs in their cohort of patients 

with stable CHD [48]. In ACCORD, we also observed that dips in blood pressure, but not 

elevations, drove the association between BPv and risk of heart failure in this cohort of T2D 

patients [43]. Although reverse causality [49] as an explanation for increased risk of adverse 

outcomes in those with low blood pressure cannot be ruled out, McEvoy and colleagues 

reported recently an association between low diastolic BP levels and subclinical myocardial 

damage as estimated by high-sensitivity cardiac troponin-T (hs-cTnT) levels [50]. Coronary 
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blood flow peaks in diastole, and repeated transient declines in diastolic BP over time may 

put cardiac tissue at increased risk of hypoperfusion. It has been hypothesized that this is 

exacerbated in the setting of greater variability—particularly if associated with excessive 

declines in diastolic BP [43, 50, 51]. It is imperative that future studies examine, where 

possible, the influence of BPv on adverse outcomes by levels of baseline or on-study blood 

pressure to shed further light on this emerging question of clinical relevance. The 

epidemiologic data presented thus far clearly support additional investigation to tease out 

further the potential mechanistic underpinnings of BPv in CVD risk.

Gaps and Future Directions in Studies of Risk Factor Variability

Several gaps exist in our approach to, and understanding of, risk factor variability and 

vascular complications. There is a need for greater consistency in statistical approaches and 

selection of variability metrics [6, 11, 15, 43, 52, 53] across studies of risk factor variation to 

improve our ability to compare reported findings and detect patterns of risk. Moreover, a 

transition from epidemiologic studies of association to mechanistic examination [46] of the 

function of BPv will provide important insight into development of therapeutic approaches. 

Results in the VADT pointed to a significant association between fasting glucose variability 

and CVD only observed in the intensive glucose-lowering arm [4]. Therefore variability may 

have different effects in those at high or low ends of mean risk factor values (e.g., those 

receiving intensive glucose lowering or with lower diastolic BP levels); this may, if 

confirmed in future analyses, provide more personalized risk assessment and targeted 

treatment strategies. Moreover, improvement in our technologies to enable tracking of 

variability over longer periods of time, as well as the increased use of electronic health 

records for patient surveillance, will serve to make analysis of visit-to-visit variability more 

feasible, comprehensive, and precise [54, 55].

As research in this area continues to evolve, it will also be important to evaluate combined 

effects of variation in multiple risk factors. For instance, Kwon et al. showed, using a large 

Korean national registry, that high levels of variability of multiple metabolic parameters—

SBP, BMI, FBG, and total cholesterol—have an additive effect on increasing incidence of 

heart failure [10•]. Although a very intriguing association, it remains unknown whether 

variability in these various risk factors may act independently or is interrelated in 

determining risk. Recent work by Segar et al. [17••] that assessed the role of HbA1c 

variability in risk of heart failure in ACCORD is a step forward in this effort, as they found 

that the association was independent of variability in BP, LDL cholesterol, and BMI. Future 

variability studies to assess the potential additive effects of variability of multiple risk 

parameters represent an exciting new direction of inquiry. These and other questions that are 

important to address in future studies to clarify the clinical implications of risk factor 

variability are summarized in Fig. 1.

Conclusions

We have summarized in this review some of the major recent advances in the studies of visit-

to-visit glucose variability and BPv. A growing body of evidence implicates glucose 

variability in risk of macrovascular disease. These findings have been observed in post hoc 
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analyses of clinical trials as well as large retrospective analyses of electronic health record 

data. Similarly, there is increasing appreciation for BPv as a risk factor of adverse 

cardiovascular outcomes, and this association is possibly exacerbated at low levels of SBP 

and DBP. Exploring the role of variability in diverse subgroups of the population will be 

important for refining risk prediction. As the epidemiologic evidence accumulates, greater 

efforts to understand potential mechanisms by which risk factor variation contributes to 

vascular disease are needed. Nonetheless, it is becoming increasingly apparent that optimal 

control of cardiovascular risk factors, especially in high-risk populations, may entail 

reduction in levels of these factors and their variability.
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Fig. 1. 
Several important questions are raised by the work presented in this review for cardiologists 

and epidemiologic researchers
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er

ag
e 

gl
uc

os
e 

co
nt

ro
l

M
aj

or
 c

on
cl
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Z
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et
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]

Se
co

nd
ar

y 
an

al
ys

is
 o

f 
V

A
D

T,
 U

SA

■
 N

 =
 1

79
1

■
 T

2D
 o

nl
y

■
 M

ea
n 

ag
e 

of
 6

6
■

 M
ea

n 
fo

llo
w

-u
p 

of
 5

.3
 

ye
ar

s

■
 P

ri
m

ar
y 

ou
tc

om
e:

 th
e 

co
m

po
si

te
 C

V
D

 (
do

cu
m

en
te

d 
m

yo
ca

rd
ia

l i
nf

ar
ct

io
n,

 s
tr

ok
e,

 
de

at
h 

fr
om

 c
ar

di
ov

as
cu

la
r 

ca
us

es
, 

ne
w

 o
r 

w
or

se
ni

ng
 c

on
ge

st
iv

e 
he

ar
t f

ai
lu

re
, s

ur
gi

ca
l i

nt
er

ve
nt

io
n 

fo
r 

ca
rd

ia
c,

 c
er

eb
ro

va
sc

ul
ar

, o
r 

pe
ri

ph
er

al
 v

as
cu

la
r 

di
se

as
e,

 
in

op
er

ab
le

 c
or

on
ar

y 
ar

te
ry

 
di

se
as

e,
 a

nd
 a

m
pu

ta
tio

n 
fo

r 
is

ch
em

ic
 g

an
gr

en
e)

■
 S

ec
on

da
ry

: M
A

C
E

: 
ca

rd
io

va
sc

ul
ar

 d
ea

th
, m

yo
ca

rd
ia

l 
in

fa
rc

tio
n,

 a
nd

 s
tr

ok
e

■
 T

im
e 

va
ry

in
g:

 m
ea

n 
# 

of
 

m
ea

su
re

s 
of

 F
B

G
 a

nd
 H

bA
1c

 
is

 1
8.

5
■

 A
R

V
 a

nd
 C

V

A
dj

us
te

d 
fo

r 
tim

e-
va

ry
in

g 
m

ea
n 

H
bA

1c
 a

nd
 g

lu
co

se

■
 V

ar
ia

bi
lit

y 
of

 F
B

G
 w
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ci
at

ed
 w

ith
 d

ev
el

op
m

en
t o

f 
C

V
D

 c
om

pl
ic

at
io
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 b

ey
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d 
th

e 
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ue
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e 

of
 s
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nd
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d 
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st

in
g 

gl
uc

os
e 

m
ea
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s.
■

 T
he

 a
dv

er
se

 c
on

se
qu

en
ce

s 
of

 
fa

st
in

g 
gl

uc
os

e 
va

ri
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ili
ty

 o
n 

C
V

D
 a

pp
ea

re
d 

gr
ea

te
st
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 th

os
e 

re
ce

iv
in

g 
in

te
ns

iv
e 

gl
uc

os
e 

co
nt

ro
l.

E
ch

ou
ff

o-
T

ch
eu
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 e

t a
l. 

[1
6]

Se
co

nd
ar

y 
an

al
ys

is
 o

f 
A

L
L

H
A

T,
 U

SA

■
 N

 =
 4

98
2

■
 A

ll 
pa

rt
ic

ip
an

ts
 a

re
 

hy
pe

rt
en

si
ve

. 3
5%

 o
f 

th
e 

co
ho

rt
 a

re
 d
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te
s 

pa
tie

nt
s

■
 >

55
 y

ea
rs

 o
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■
 M

ed
ia

n 
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llo
w

-u
p 

pe
ri
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 o

f 
5 

ye
ar

s 
(r

an
ge

 4
–8

)

■
 C

V
D

 e
ve

nt
s 

de
fi

ne
d 
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 a

 
co

m
po

si
te

 o
f 

m
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or
 

ca
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io
va

sc
ul

ar
 e

ve
nt

s 
(i

nc
lu

di
ng

 
fa

ta
l a

nd
 n

on
-f

at
al

 C
H

D
, s

tr
ok

e,
 

an
d 

he
ar

t f
ai

lu
re

) 
an

d
■

 A
ll-

ca
us

e 
m

or
ta

lit
y

■
 L

an
dm

ar
k:

 F
B

G
 w

er
e 

m
ea

su
re

d 
at

 b
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el
in

e,
 2

4 
m

on
th

s,
 a

nd
 4

8 
m

on
th

s 
fo

llo
w

in
g 

ra
nd

om
iz

at
io

n
■

 U
si

ng
 th

e 
av

er
ag

e 
FB

G
 a

t 
ea

ch
 o

f 
th

es
e 

th
re

e 
vi

si
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, 
V

V
V

 S
D

 o
f 

FB
G

 c
al

cu
la

te
d.

 
T

he
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lte
rn

at
iv

e 
V

V
V

 o
f 

FB
G

 
m

et
ri

cs
 in

cl
ud

e 
C

V
, V

IM
, 

an
d 

A
R

V

A
dj

us
te

d 
fo

r 
av

er
ag

e 
H

bA
1c

/F
B

G

■
 G

re
at

er
 V

V
V

 o
f 

FB
G

 w
as
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so
ci

at
ed

 w
ith

 in
cr

ea
se

d 
m

or
ta

lit
y 

ri
sk

.
■

 F
B

G
 g

ly
ce

m
ic

 v
ar

ia
bi

lit
y 

w
as

 
no

t s
ig

ni
fi

ca
nt

ly
 a

ss
oc

ia
te

d 
w

ith
 

in
ci

de
nt

 C
V

D
 a

ft
er
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dj
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tin

g 
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r 
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er
ag

e 
FB

G

Se
ga

r 
et

 a
l. 

[1
7•

•]
Se

co
nd

ar
y 

an
al

ys
is

 o
f 

A
C

C
O

R
D

 tr
ia

l, 
U

SA

■
 N

 =
 8
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6

■
 T

2D
 o

nl
y

■
 M

ea
n 

ag
e 

of
 6

2
■

 M
ed

ia
n 

fo
llo

w
-u

p 
of

 6
.4

 
ye

ar
s 

fr
om

 th
e 

en
d 
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va
ri

ab
ili

ty
 m

ea
su

re
m

en
ts

 a
t 

ye
ar

 3

■
 P

ri
m

ar
y 

ou
tc

om
e:

 h
ea

rt
 f
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lu
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(H
F)

 d
ef

in
ed

 a
s 

th
e 

fi
rs

t 
ho

sp
ita

liz
at

io
n 

ev
en

t f
or

 H
F 
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de
at

h 
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e 
to

 H
F;

■
 S

ec
on

da
ry

 o
ut

co
m

e:
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cu
te
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ch
em

ic
 h

ea
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 d
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 e
ve
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 w
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de
fi

ne
d 
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 c

ar
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as

cu
la

r 
de

at
h,

 
no

n-
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ta
l m

yo
ca

rd
ia

l i
nf

ar
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io
n 

(M
I)

, o
r 

un
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 a
ng

in
a

■
 L

an
dm

ar
k:

 f
ro

m
 8

 m
on

th
s 

to
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 y
ea

rs
 w
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 m

ed
ia

n 
# 

of
 

m
ea

su
re

s 
=

 8
 (

in
te
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ra

ng
e 
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■
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R
V

, C
V
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 S
D

 f
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 b
ot

h 
H

bA
1c

 a
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 F
B

G

A
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d 
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r 
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H
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G
, c
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H
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e 
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d 
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s

■
 V
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y 
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bA
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in
g 
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e 

w
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de
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tly
 a

ss
oc

ia
te

d 
w

ith
 

ri
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 o
f 

H
F 

an
d 

C
V

D
 a

m
on

g 
pa

tie
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s 
w

ith
 T

2D
 in

de
pe
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t 
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 c
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ng
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 H
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1c

, v
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ia
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lit
y 
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 B

P,
 B

M
I,
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 L
D

L
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gl
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 e

ve
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s

Z
in

m
an

 e
t a

l. 
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D
E

V
O
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E
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 m
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d

■
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9 
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s

■
 P

ri
m
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y 
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 f
ir
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de
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h 
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 c
au

se
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m
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l i
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n 
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 n
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st
ro
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■
 T

im
e 

va
ry

in
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ve

ra
ge

 
nu

m
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r 
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 b
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od
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co

se
 

fr
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 S
M

B
G

 d
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in
g 

w
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k 
1,

 
m
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th

 1
2,

 a
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 m
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th
 2

4 
is

 
2.

8
■

 S
D

A
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d 
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r 
bo
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lin
e 

an
d 
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e-

va
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in
g 

m
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t 

H
bA

1c

■
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ig
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r 
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y-
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 f
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g 

gl
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os
e 
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 in
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d 

ri
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s 
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A

C
E

, s
ev

er
e 

hy
po

gl
yc

em
ia

 
an

d 
al

l-
ca

us
e 

m
or

ta
lit

y
■

 T
he

 a
ss

oc
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tio
n 

of
 f

as
tin

g 
gl

yc
em

ic
 v

ar
ia

bi
lit

y 
an

d 
M

A
C

E
 

di
d 

no
t s

ta
y 
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te

r 
ad

ju
st
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g 
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r 

m
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t r
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en
t H

bA
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m
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m
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a 
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d 
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e 
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s
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St
ud

ie
s 
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m
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sc
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ar
 

di
se
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e

St
ud

y 
de

si
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, 
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un
tr

y
Sa

m
pl

e 
si

ze
 a
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 c

oh
or

t 
ch

ar
ac

te
ri

st
ic

s
M

ac
ro

va
sc

ul
ar

 o
ut

co
m

e 
de

fi
ni

ti
on

s
A

na
ly

si
s 

ap
pr

oa
ch

 a
nd

 
gl

yc
em

ic
 v

ar
ia

bi
lit

y 
de

fi
ni

ti
on

A
dj

us
tm

en
ts

 fo
r 

av
er

ag
e 

gl
uc

os
e 

co
nt

ro
l

M
aj

or
 c

on
cl
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io

ns

C
ri
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hl

ey
 e

t a
l. 

[1
9]

A
 r

et
ro

sp
ec

tiv
e 

m
at

ch
ed

 c
oh

or
t 

st
ud

y

■
 N

 =
 5

8,
83

2,
■

 T
2D

 o
nl

y
■

 M
ea

n 
ag

e 
of

 6
7.

7
■

 M
ea

n 
fo

llo
w

-u
p 

tim
e 

of
 4

.1
 

ye
ar

s

■
 P

ri
m

ar
y 

ou
tc

om
es

: a
ll-

ca
us

e 
m

or
ta

lit
y 

an
d 

fi
rs

t e
m

er
ge

nc
y 

ho
sp

ita
liz

at
io

n
■

 S
ec

on
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ry
 o

ut
co

m
es

: (
1)

 C
V

D
 

de
at

h 
an

d 
no

n-
ca

rd
io

va
sc

ul
ar

 
de

at
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2)

 d
ea

th
s 

re
la

te
d 

to
 C

A
D

 
an

d 
is

ch
em

ic
 s

tr
ok

e 
ve

rs
us

 a
ll 

ot
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r 
C

V
D

 c
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es
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3)
 e

m
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y 
ho
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ns

 w
ith
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fe
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n-
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d 
C

V
D

, a
nd

 C
A

D
+
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 s
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e 
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m
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si
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s

■
 L

an
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ar
k:
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ve
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ge

 
H
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1c

, C
V
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1c
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aj
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ry

 in
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bA
1c
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at

ed
 f

ro
m

 th
e 

in
di
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du

al
 

pa
tie

nt
 a
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ua

l s
lo

pe
 f

ro
m

 a
 

lin
ea

r 
re

gr
es

si
on

 m
od

el
■

 T
im

e-
va

ry
in

g 
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va
ri

at
e 

w
as

 a
na

ly
ze

d 
as

 s
en
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ity
 

an
al
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A
dj

us
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d 
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r 
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er
ag

e 
H

bA
1c

 a
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f 

H
bA

1c

■
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bA
1c
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lit
y 

w
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ro
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te

d 
w
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 o
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ll 
m
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y 
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d 
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er
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y 
ho
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liz
at
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n 

w
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ex
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d 
by

 a
ve

ra
ge

 H
bA

1c
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r 
hy
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ic
 e
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de
s

■
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o 
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ci

at
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n 
w
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 f
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C

A
D
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e

G
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e 
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l. 
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0]
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la

tio
n-
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se

d 
re

tr
os
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iv
e 

co
ho

rt
 s

tu
dy

 
fr

om
 m

ed
ic

al
 

re
co

rd
s

■
 N

 =
 6

75
6

■
 N

o 
di
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es
 a

nd
 C

V
D

■
 M

ea
n 

ag
e 

of
 6

4.
9

■
 M

ed
ia

n 
fo

llo
w

-u
p 

pe
ri

od
 

w
as

 6
.3

 y
ea

rs
 (

IQ
R

 4
.3

–9
.0

)

■
 T

he
 e

nd
 p

oi
nt

s 
of

 in
te

re
st

 w
er

e 
in

ci
de

nt
 M

A
C

E
, d

ea
th

 f
ro

m
 a

ll 
ca

us
es

, a
nd

 ty
pe

 2
 d

ia
be

te
s

■
 L

an
dm

ar
k:

 th
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e 
H

bA
1c

 
m

ea
su
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s 

fr
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 in
de

x 
da

te
■

 R
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, i
nt

er
ce

pt
, a

nd
 s
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pe
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 in

de
x 

da
te

St
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tif
ie

d 
w

ith
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H

bA
1c

 le
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ls
■

 H
ig
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H

bA
1c
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ia
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y 

w
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as

so
ci

at
ed

 w
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d 
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f 
M

A
C

E
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e 

m
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te

r 
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e 
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st

m
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t o
f 
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ag
e 
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ic

 c
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Y
u 

et
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l. 
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2]
Po

pu
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tio
n-
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se

d 
re

tr
os

pe
ct

iv
e 

co
ho

rt
 s

tu
dy

 
fr

om
 m

ed
ic
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re
co

rd
s

■
 N

=
3,

21
1,

31
9 

ge
ne

ra
l 

po
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la
tio

n 
w

ith
ou

t d
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te

s 
an

d 
C

V
D

, w
ith

 m
ea

n 
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e 
ar

ou
nd

 4
0,
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nd
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ve

ra
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w

-u
p 
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.3
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■
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ri
m
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y 
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tc
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es

: m
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ca
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ia
l 
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e 
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y

■
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ar
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 o
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n 
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 f
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m
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2 

to
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00
6 

w
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n 
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e 
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.2
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 1
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e 
m
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m

en
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(m

ed
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n 
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 p
er

 p
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an
t

■
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D
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f 
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G

■
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tr
at

if
ie

d 
w

ith
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g 
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e 
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.e
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m
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) 
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d 
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to
le

ra
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e
■
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G
 c
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e 
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G
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w

ee
n 
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6

■
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rm
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 v
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n 
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tly

 a
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d 

w
ith

 
C

V
D
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 m
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y 
in
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w
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t d
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r 
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G

W
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t a

l. 
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n-

ba
se
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rt
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 e
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ro
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c 
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H
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K

on
g

■
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■
 T

2D
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nl
y

■
 M
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n 
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e 
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.
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 M
ed

ia
n 
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w
-u
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of
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ye

ar
s

■
 P

ri
m

ar
y 

ou
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om
e:
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ci

de
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e 
of

 
a 

co
m
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si

te
 o

f 
C

V
D

 a
nd

 a
ll-

ca
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e 
m

or
ta
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