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Abstract 

Aims: The association of glycemic variability with microvascular disease complications 
in type 2 diabetes (T2D) has been under-studied and remains unclear. We investigated 
this relationship using both Action to Control Cardiovascular Risk in Diabetes (ACCORD) 
and the Veteran Affairs Diabetes Trial (VADT).
Methods:  In ACCORD, fasting plasma glucose (FPG) was measured 1 to 3 times/year for up 
to 84 months in 10 251 individuals. In the VADT, FPG was measured every 3 months for up 
to 87 months in 1791 individuals. Variability measures included coefficient of variation (CV) 
and average real variability (ARV) for fasting glucose. The primary composite outcome was 
time to either severe nephropathy or retinopathy event and secondary outcomes included 
each outcome individually. To assess the association, we considered variability measures 
as time-dependent covariates in Cox proportional hazard models. We conducted a meta-
analysis across the 2 trials to estimate the risk of fasting glucose variability as well as to 
assess the heterogenous effects of FPG variability across treatment arms.
Results:  In both ACCORD and the VADT, the CV and ARV of FPG were associated with 
development of future microvascular outcomes even after adjusting for other risk factors, 
including measures of average glycemic control (ie, cumulative average of HbA1c). Meta-
analyses of these 2 trials confirmed these findings and indicated FPG variation may be 
more harmful in those with less intensive glucose control.
Conclusions: This post hoc analysis indicates that variability of FPG plays a role in, and/
or is an independent and readily available marker of, development of microvascular 
complications in T2D.
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Microvascular complications (retinopathy, nephropathy, 
and neuropathy) are common pathologic consequences of 
type 2 diabetes (T2D). It is well recognized that chronic 
hyperglycemia is an important risk factor for the develop-
ment of microvascular disease in patients with T2D (1). 
As a result of this strong link between hyperglycemia and 
diabetes complications, the role of glycemic control (eg, 
intensive vs standard control of glucose or glycated hemo-
globin A1c [HbA1c] levels) has been extensively studied (2-
4). Several clinical trials (eg, the UK Prospective Diabetes 
Study [UKPDS], Action to Control Cardiovascular Risk 
in Diabetes [ACCORD]) and meta-analyses of clinical 
trials show that more intensive glucose lowering in T2D 
improves microvascular outcomes (especially kidney and 
eye events) compared with standard glycemic control 
group (5). However, the effects are often relatively modest, 
and are largely driven by improvements in proteinuria 
or background retinopathy, rather than in more clinic-
ally relevant outcomes such as end-stage renal disease or 
photocoagulation.

Glycemic control evaluated in previous trials exam-
ined only average glycemic exposure. It has been esti-
mated that total glycemic exposure (derived from average 
HbA1c and duration of diabetes) predicted only 11% of 
the risk of developing retinopathy in the type 1 diabetic 
cohort of the Diabetes Control and Complications Trial 
(DCCT) cohort (6, 7). On the other hand, increasing evi-
dence implicates glycemic variability as an important 
contributor to the development of microvascular dia-
betes complications. Using a newly diagnosed dia-
betes cohort extracted from the Tayside and Fife in 
the Scottish Care Information–Diabetes Collaboration 
(SCI-DC) (8), Li et al recently showed that patients with 
a higher HbA1c variability score had an increased risk of 
developing microvascular complications. Although their 
risk factors and outcomes were extracted from medical 
records based on ICD9/ICD10 codes or changes of lab 
results, ie, estimated glomerular filtration rate (eGFR), 
this work suggested that renal, eye, and nerve complica-
tions may be linked to visit-to-visit variation in HbA1c 
in new-onset T2D. This appears to be supported by find-
ings in diabetes patients with a longer duration of dia-
betes, including those from the ADVANCE (Action in 
Diabetes and Vascular Disease: Preterax and Diamicron 
MR Controlled Evaluation) trial (9) and several obser-
vational studies. For example, HbA1c variability was an 
independent risk factor (after adjustment for average 
HbA1c) for albuminuria but was not associated with 
diabetic retinopathy in the Renal Insufficiency And 
Cardiovascular Events (RIACE) Italian multicenter study 
(10). The Rio de Janeiro Study reported that glucose 
variability was associated with severe renal outcomes 

(eg, renal failure), but not retinopathy, after accounting 
for overall glucose control (11). However, none of the 
studies have examined the relationship of glucose vari-
ability with microvascular complications during inten-
sive vs standard glucose lowering—a clinical setting in 
which variability may be most relevant.

Therefore, the goal of the present study was to use 2 
large comprehensive trials of glucose lowering (ACCORD 
and the Veteran Affairs Diabetes Trial [VADT]) to study 
the effects of fasting plasma glucose (FPG) variability on 
microvascular outcomes (including both nephropathy and 
retinopathy). As both ACCORD and VADT were designed 
to compare glucose-lowering strategies, we were able to as-
sess the differential effects of FPG variability between in-
tensive and standard treatment arms. By using consistent 
microvascular outcomes across the 2 studies, we were able 
to perform a meta-analysis to pool the information from 
the 2 trials to provide a more precise estimate of the risk 
of FPG variability. Our results show that FPG variability 
increased risk of microvascular events well beyond that 
accounted for by average glycemic levels in both trials. 
Interestingly, the effect of long-term visit-to-visit FPG vari-
ability was found to be stronger in the standard treatment 
group than in the intensive treatment group in both the 
ACCORD and VADT trials.

Methods

Study Design and Participants

The Action to Control Cardiovascular Risk in Diabetes 
trial (ACCORD) was a double-blinded, 2-by-2 factorial, 
randomized controlled, parallel treatment trial in which 
10  251 participants were assigned to receive intensive 
treatment targeting HbA1c concentration of less than 
6.0% (42.1  mmol/mol) or standard treatment targeting 
HbA1c of 7.0% to 7.9% (53-62.8  mmol/mol)—as well 
as to distinct blood pressure and lipid interventions arms 
(3). The ACCORD study included participants with T2D, 
HbA1c concentrations of 7.5% (58.5mmol/mol) or more, 
and who were aged 40 to 79 years with a history of car-
diovascular disease or 55 to 79  years with evidence of 
significant atherosclerosis, albuminuria, left ventricular 
hypertrophy, or at least 2 risk factors for cardiovascular 
disease (dyslipidemia, hypertension, smoking, or obesity). 
During the study, FPG concentrations were measured 
every 4  months in the initial year, then annually up to 
a maximum of 84  months. Within 4  months after ran-
domization, the median glycated hemoglobin level had 
fallen from 8.1% (65  mmol/mol) at baseline to 6.5% 
(47.5  mmol/mol) in the intensive therapy group and to 
7.5% (58.5  mmol/mol) in the standard therapy group. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/106/4/e1150/6047582 by U
niversity of C

alifornia, Los Angeles user on 13 July 2022



1152 � The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 4

Details of the design and principal results of ACCORD 
trial were reported previously (3, 12). Our analysis used 
all in-study FPG measures through the full ACCORD 
study (Supplementary Fig. 1 (13)).

The Veteran Affairs Diabetes Trial (VADT) was a ran-
domized trial that enrolled 1791 military veterans (mean 
age, 60.4 years) who had a suboptimal response to therapy 
for T2D (HbA1c > 7.5% or 58.5mmol/mol) to receive ei-
ther intensive or standard glucose control. The design and 
the principal results have been described previously (2). 
Following an established algorithm, the 2 groups were 
treated with similar medications (but different doses) 
with a goal of the intensive treatment group of achieving 
near normal glucose control and an absolute difference in 
HbA1c of >1.5% between treatment groups. HbA1c and 
fasting glucose were measured every 3  months up to a 
maximum of 84  months. At 3  months into the trial me-
dian HbA1c levels had decreased in both groups and had 
stabilized by 6 months, with a level of 8.4% (68 mmol/mol) 
in the standard-therapy group and 6.9% (52  mmol/mol) 
in the intensive-therapy group. Similar temporal patterns 
were seen with FPG.

Primary and Secondary Outcomes

Our primary microvascular outcome for both studies re-
flects a composite endpoint of advanced kidney and eye 
disease. In ACCORD, this composite microvascular out-
come was its primary outcome and was defined as the 
development of end-stage renal disease (ESRD, ie, initi-
ation of dialysis or a rise of serum creatinine to 3.3 mg/dL 
[292 μmol/L]), or retinal photocoagulation or vitrectomy 
to treat retinopathy. These serious outcomes were previ-
ously defined and described as the key microvascular out-
comes by ACCORD investigators and were referred to as 
Neph-3 and Eye-1, respectively (3). As the VADT did not 
collect the same renal clinical outcomes as in ACCORD, we 
defined nephropathy in VADT in a similar, but not iden-
tical, fashion as 2 consecutive values of serum creatinine 
more than 3.3 mg per deciliter or with consecutive values 
of glomerular filtration rate (GFR) of less than 30 mL per 
minute.(2) Time to event reflected the first of the 2 con-
secutive lab values meeting the criteria for either outcome. 
Retinopathy in the VADT was defined by retinal photo-
coagulation or vitrectomy, as within ACCORD. The GFR 
was estimated using the Modification of Diet in Renal 
Disease (MDRD) equation as described previously (14). 
Secondary outcomes for each study included the individual 
components of the primary composite outcome, ie, time to 
renal failure (nephropathy) and retinal photocoagulation 
or vitrectomy (retinopathy) (3). To conduct a meta-analysis 

of the 2 studies, we redefined the nephropathy outcome 
in ACCORD by the definition used in VADT in order to 
make the outcome consistent and further reduce the study 
heterogeneity.

In addition to the 3 above key microvascular outcomes 
(eye, renal, or combined events) in ACCORD, there were 
several other prespecified microvascular outcomes in 
ACCORD for kidney function and diabetes eye complica-
tions. The additional predefined ACCORD microvascular 
outcomes were also explored for a more comprehensive 
assessment of less advanced or broader combinations of 
microvascular outcomes and included:

Neph-1:	�Doubling of baseline serum creatinine or more 
than 20 mL/min per 1.73 m2 decrease in estimated 
GFR.

Neph-2:	�Development of macroalbuminuria (urine 
albumin:creatinine ratio ≥33.9 mg/mmol)

[Neph-3: � Defined above, as part of the primary composite 
outcome]

Neph-4:	Development of Neph-1, Neph-2, or Neph-3
Neph-5:	�Development of microalbuminuria (urine 

albumin:creatinine ratio ≥3.4 mg/mmol)
[Eye-1:	� Defined above as part of primary composite 

outcome]
Eye-2:	 Eye surgery for cataract extraction
Eye-3:	 Three-line change in visual acuity
Eye-4:	 Severe vision loss (Snellen fraction <20/200)

A detailed description of the prespecification of outcomes 
in ACCORD was reported previously (3).

Fasting Plasma Glucose Variability

Commonly used measures of visit-to-visit glucose vari-
ability include SD, coefficient of variation (CV), variability 
independent of mean (VIM), and average real variability 
(ARV) (9, 15, 16). We selected CV and ARV for this analysis 
as they appear to be complementary measures of variability 
as previously published (17). CV measures the spread of 
the data over time vs while ARV measures smoothness of 
data over time. Definitions of these 2 variability measures 
have been described previously (17) and are provided in 
the Supplementary Table 1 (13). Mean FPG levels revealed 
substantial treatment group separation was achieved over 
the initial 4 months of ACCORD and the initial 6 months 
of VADT. This pattern persisted during the remaining dur-
ation of the trials. Therefore, observations from (including) 
the fourth month and beyond in ACCORD and from 
(including) the sixth month and beyond in the VADT were 
used for FPG variability calculation to exclude the rapid 
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change of FPG resulting from the glucose-lowering trial de-
signs (Supplementary Fig. 1 (13)).

Statistical Analysis

Data are expressed as means (SD) for continuous variables 
or as numbers and percentages for categorical variables. 
Differences between patients who did and did not develop 
an event were analyzed using the Wilcoxon test for con-
tinuous variables and the χ 2 test or Fisher exact test, as ap-
propriate, for categorical variables shown in Supplementary 
Table 2 and Supplementary Table 3 (13).

Multivariable analyses were performed by Cox propor-
tional hazard models. We evaluated risk of fasting glucose 
variability while controlling for average glycemic control 
(defined as cumulative average of HbA1c). Both were in-
cluded as continuous and time-dependent covariates (18) 
in the Cox proportional hazard models. This process dy-
namically matched the risk variables and time of outcome 
event, so that we do not use any measures after the event 
has happened (19). The proportionality of all model pre-
dictors was confirmed in plots of Schoenfeld residuals 
over time. To ease interpretation of statistical models, 
hazard ratios (HR) for all variables of glycemic control 
were standardized to a change of one SD. Nonnormally 
distributed variables, such as CV, were log-transformed to 
approach normal distribution. Analyses were performed 
after adjusting for (i) Model-1: age only; (ii) Model-2: age 
and covariates reflecting significant baseline differences in 
characteristics (including blood pressure and lipids treat-
ment arms in ACCORD study) between those who did and 
did not develop microvascular events during the study (see 
Table  1 legend and Supplementary Tables 2 and 3 (13)); 
and (iii) Model-3: covariates in Model-2 plus cumulative 
mean of HbA1c reflecting average glycemic control to 
clarify whether variability measures provided information 
beyond standard glycemic measures.

Five sensitivity analyses were conducted. We first ex-
cluded patients with advanced baseline eye or kidney dis-
ease. Baseline eye disease was defined as “cataract removal,” 
“retinal laser photocoagulation for diabetic retinopathy,” 
“laser for cataract capsule,” or “vitrectomy for diabetic ret-
inopathy” for either eye. Baseline kidney disease was de-
fined as eGFR <45 mL per minute or macroalbuminuria, 
ie, urine albumin:creatinine ratio ≥33.9 mg/mmol. We also 
adjusted for “insulin use” in the model to assess whether 
the risk of glucose variability is independent of insulin use. 
Non-insulin users were those who reported “No” at all 
time points; all remaining participants were considered in-
sulin users. We increased the minimum number of glucose 
measures per individual for inclusion to 5 which preserved 
80% of sample. As the intensive-therapy arm was aborted 

prematurely because of increased mortality in ACCORD 
(4), we also tested glucose measures only up to cessation 
of intensive treatment in the ACCORD study. Finally, we 
assessed the contribution of adverse lifestyle behaviors 
on the effect of glucose variability, within a subset sample 
(n = 2034) in ACCORD, where smoking, dietary patterns, 
and activity data were available. A summary score of un-
healthy behaviors, from 0 to 3, was generated from these 
factors. A  similar score was also generated in VADT, as 
previously described (20). As these additional adverse be-
havior adjustments did not modify the results, they were 
not included in the presented models. We also used study 
visit HbA1c measures to capture glycemic variability. 
However, HbA1c showed a generally weaker association 
with primary and second microvascular outcomes than did 
variability in fasting glucose (results not shown).

We also pooled the results from the 2 studies to pro-
vide a more precise and generalizable overall effect. As 
random-effects meta-analysis (21) relies on the estimates of 
between study variance (which is ideally conducted in more 
than 2 studies) to apply it correctly (22), we instead used 
fixed-effects meta-analysis to integrate the results from the 
2 studies for all 3 outcomes (composite, renal, and eye) 
using the same outcome definitions. Statistical heterogen-
eity of the 2 studies was assessed with the I2 statistic (23), 
where values of 30% to 60% represent a moderate level 
of heterogeneity. Meta-analyses were used to pool the risk 
of glucose variability from the 2 cohorts as well as to as-
sess the pooled differential risks between the 2 treatment 
arms (intensive vs standard glucose control). We tested the 
null hypothesis (that the difference of glucose variability 
risks between treatment groups is zero) using the following 
approach: first, for each trial, we calculated a trial-specific 
interaction HR by adding an interaction term between 
treatment group and glucose variability measures in the 
Cox proportional hazard models; second, we combined 
these trial-specific interaction HRs across trials using a 
fixed-effects model. For the stratified analysis and stratified 
meta-analysis, we derived the HRs of glucose variability 
for all 3 microvascular outcomes, and their 95% CIs, in 
each study separately in the intensive and standard treat-
ment group. We then calculated the pooled HR of glucose 
variability using fixed-effect meta-analysis models.

All statistical analyses were performed using R version 
3.5.3 (https://www.r-project.org). Meta-analyses were con-
ducted by a R package, “meta” (24). A 2-sided P < 0.05 
was considered statistically significant.

Results

There were 10 026 participants in ACCORD who had at 
least 2 measurements of fasting glucose after baseline and 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/106/4/e1150/6047582 by U
niversity of C

alifornia, Los Angeles user on 13 July 2022

https://www.r-project.org


1154 � The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 4

before a microvascular event occurred. Of these, 1106 de-
veloped a primary composite microvascular event. In the 
VADT, 1658 individuals had at least 2 measurements of 
fasting glucose after the first 6 months and before a micro-
vascular event occurred, and 186 developed a primary 
composite event. The mean and median follow-up times 
were 59.5 and 59.8 months for the ACCORD, and 67.1 
and 68.8 months for the VADT cohort. This provided on 
average 9 (median 6)  and 18 (median 20)  measures of 
fasting glucose in ACCORD and VADT, respectively. In 
ACCORD, the number of missing glucose measures ranged 
from 2.3% at the second visit (month 4) to 12.5% at the 
last time point (month 84). In the VADT, missing glucose 
measures at each visit were 4% or less. As noted in the 

ACCORD and VADT trial original publications for micro-
vascular complications (2, 3), the proportion of participants 
lost to follow-up was very low (0.5%) (12). There were 3% 
of eye outcomes missing for the ACCORD cohort, while 
the rates of missing data for other outcomes were negli-
gible for both studies. Baseline characteristics for both co-
horts are shown by incident event status during the studies 
for both primary and secondary outcomes (Supplementary 
Tables 2 and 3 (13)).

The Pearson correlation coefficient between CV-glucose 
and ARV-glucose in ACCORD was 0.86, while correlation 
coefficients between glucose variability measures and the 
cumulative mean of HbA1c were relatively low, at 0.25 and 
0.26 for CV and ARV, respectively. In the VADT, a similar 

Table 1.  Hazard Ratios for Glycemic Exposure Variables Estimated by Cox Proportional Hazards Model in ACCORD and VADT

Model-1 Model-2 Model-3

Age adjustment Multivariate adjustment Model 2 + cumulative HbA1c

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

ACCORD
Primary Composite (n = 1106)a

Log(CV)-glucose 1.35 (1.25-1.44) <0.001 1.19 (1.10-1.29) <0.001 1.18 (1.09-1.28) <0.001
ARV-glucose 1.27 (1.20-1.35) <0.001 1.15 (1.07-1.23) <0.001 1.14 (1.06-1.22) <0.001
Nephropathy (n = 269)b

Log(CV)-glucose 1.34 (1.18-1.53) <0.001 1.29 (1.12-1.47) <0.001 1.28 (1.12-1.47) <0.001
ARV-glucose 1.30 (1.17-1.45) <0.001 1.25 (1.11-1.40) <0.001 1.24 (1.10-1.39) <0.001
Retinopathy (n = 880)C

Log(CV)-glucose 1.35 (1.25-1.46) <0.001 1.13 (1.03-1.23) 0.005 1.12 (1.03-1.22) 0.010
ARV-glucose 1.26 (1.18-1.35) <0.001 1.08 (1.00-1.18) 0.052 1.07 (0.99-1.17) 0.091
VADT
Primary Composite (n = 186)d

Log(CV)-glucose 1.58(1.32-1.89) <0.001 1.43(1.18-1.73) <0.001 1.39(1.14-1.69) <0.001
ARV-glucose 1.31(1.16-1.48) <0.001 1.20(1.04-1.38) <0.001 1.17(1.01-1.35) <0.001
Nephropathy (n = 42)e

Log(CV)-glucose 2.31(1.59-3.35) <0.001 1.92(1.30-2.83) 0.001 1.91(1.27-2.86) 0.002
ARV-glucose 1.53(1.22-1.91) <0.001 1.36(1.06-1.75) 0.016 1.34(1.03-1.75) 0.027
Retinopathy (n = 154)f

Log(CV)-glucose 1.43 (1.18-1.73) <0.001 1.29(1.05-1.59) 0.004 1.31(1.06-1.63) 0.005
ARV-glucose 1.26 (1.10-1.45) <0.001 1.18(1.01-1.38) 0.031 1.19(1.01-1.40) 0.043

In Model 2, glycemic control variables that were significant in age-adjusted models (Model-1) were further adjusted for significantly different baseline factors (see 
Supplementary Tables 2 and 3 (13)). For the primary outcome, in Model 2, we additionally adjusted race, diabetes duration, CVD history, history of heart failure, 
history of eye disease, smoker status, baseline DBP, baseline SBP, baseline HDL, baseline triglycerides, baseline HbA1c, baseline albumin to creatinine ratio (ACR), 
and baseline eGFR for ACCORD and duration of diabetes, pack-years of cigarette smoked, baseline SBP, and baseline ACR. In Model-3, models were additionally 
adjusted for cumulative mean of HbA1c as a reflection of average glycemic control.
P values < 0.05 (bold font) are considered significant.
n = event number.
Abbreviations: ACCORD, Action to Control Cardiovascular Risk in Diabetes; ARV, average real variability; CV, coefficient of variation; eGFR, estimated glomer-
ular filtration rate; HbA1c, glycated hemoglobin A1c; HR, hazard ratio; VADT, Veteran Affairs Diabetes Trial.
aPrimary composite: development of end-stage renal disease (ESRD, ie, initiation of dialysis or a rise of serum creatinine to 3.3 mg/dL [291.72 μmol/L]) or pho-
tocoagulation or vitrectomy.
b Nephropathy: renal failure or ESRD or serum creatine >3.3 mg/dL (291.72 μmol/L).
c Retinopathy: photocoagulation or vitrectomy.
dPrimary composite: Nephropathy or Retinopathy;
eNephropathy: 2 consecutive values of serum creatinine ≥3.3mg per deciliter (291.72 μmol/L or eGFR < 30 mL/min/1.73 m2).
fRetinopathy: Photocoagulation or Vitrectomy.
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degree of correlation was observed between CV and ARV 
and the cumulative mean of HbA1c. Plots of cumulative 
CV and ARV in ACCORD and VADT across all visits sep-
arated by treatment arms show that variability in inten-
sive groups was slightly higher than in standard treatment 
group throughout the study (Supplementary Fig. 2 and 
Supplementary Fig. 3, upper panel (13)). Similar plots show 
that glucose variability was higher among insulin users 
than in nonusers (Supplementary Fig. 2 and Supplementary 
Fig. 3, lower panel (13)).

Glucose Variability and Risk of Microvascular 
Outcome in ACCORD and VADT

In an age-adjusted model (Model 1), the risk for micro-
vascular outcomes with increasing quintiles of glucose vari-
ability demonstrated a striking linear trend (illustrated in 
Fig. 1, panel A). Table 1 (top panel) shows estimated hazard 
ratios (HR) for glucose variability measures in 3 models for 

the primary and 2 secondary outcomes in ACCORD. Both 
CV and ARV were significant risk factors (P < 0.05) for the 
primary composite and secondary microvascular outcomes 
in Model 1 (age-adjusted only) and remained significant 
predictors for both primary and secondary microvascular 
outcomes after the adjustment for differences in risk fac-
tors for microvascular outcomes (Model 2). All these as-
sociations, except for the risk of ARV with retinopathy, 
remained significant after adjustment for the cumulative 
mean of HbA1c (Model 3). The estimated risks (ie, HRs) 
associated with glucose variability was in general higher for 
nephropathy than retinopathy.

As ACCORD also defined a broad range of other renal 
and eye outcomes, we also examined risk of glucose vari-
ability measures for these secondary outcomes, using the 
fully adjusted Model 3 (Supplementary Fig. 4 (13)). Thus, 
there were a total of 5 nephropathy-related microvascular 
outcomes with event numbers ranging from 486 (Neph-2) 
to 2751 (Neph-4). The strongest association of glycemic 
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Figure 1.  Hazard ratio (HR) estimates for quintiles of Log(CV)-glucose and ARV-glucose for the primary composite outcome in ACCORD and VADT in 
age-adjusted models. Vertical bars shown are the 95% CI associated with HR estimates. ** indicates estimated HR in the indicated variability quin-
tile is significantly higher than the HR of lowest variability quintile (quintile 1). Trend test results are presented as the text annotation in the figures.
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variability with nephropathy was with the primary renal 
outcome Neph-3 (HR 1.27; 95% CI, 1.11-1.46). However, 
glycemic variability appeared to be a significant risk factor 
for all nephropathy outcomes except Neph-5 (develop-
ment of microalbuminuria). While Eye-3 (3-line change in 
visual acuity) had more than 3000 events, the number of 
events for the secondary eye disease outcomes were gener-
ally smaller (ranging from 490 to 551). Although glycemic 
variability increased the risk for all eye outcomes, only 
the Eye-1 risk (photocoagulation or vitrectomy) was sig-
nificant. As with the primary outcomes, the associations 
of glycemic variability with the development of other eye 
outcomes appeared weaker compared with the risk for 
development of secondary nephropathy outcomes. In the 
VADT, risk for microvascular outcomes with increasing 
glucose variability also demonstrated a generally linear 
trend (illustrated in Fig.  1, panel B). Table  1 (bottom 
panel) shows HRs of glucose measures for the primary 
and secondary outcomes. CV and ARV of fasting glucose 
were significant risk factors for the primary composite 
outcome in Model 1 (age-adjusted only) and remained 
significant risk factors of the primary microvascular out-
come after all adjustments, including the cumulative mean 
of HbA1c (Model 3).

In sensitivity analyses, glucose variability generally re-
mained a significant predictor of incident microvascular 
disease events after removing participants with baseline 
eye disease and renal disease or adjusting for insulin use. 
Risk of glucose variability was even slightly higher after 
restricting analyses to those with ≥5 glucose measures, and 
the primary results in the ACCORD did not change after 
using glucose data collected only during the shorter active 
glucose-lowering treatment phase of the study (all shown in 
Supplementary Table 5 (13)).

Meta-analysis of ACCORD and VADT

In order to perform a meta-analysis of the effect of meas-
ures of glucose variability, we modified the ACCORD def-
inition of nephropathy to be consistent with that used in 
the VADT (as described above) so that all outcomes were 
similar between studies. This definition reduced event 
numbers within ACCORD to 950 composite events and 
99 nephropathy events, while eye events remained un-
changed (baseline covariates and event numbers shown in 
Supplementary Table 4)  (13). We then reassessed the risk 
of glucose variability for composite and renal outcomes in 
ACCORD using the fully adjusted model (Fig. 2). The HRs 
for all outcomes in ACCORD remained similar and signifi-
cant, and as when using the original ACCORD definition, 
were slightly lower compared with HRs estimates based on 
the VADT. For example, the HR for CV for the composite 

outcome was estimated to be 1.16 (1.06-1.26) in ACCORD 
vs 1.39 (1.14-1.69) in the VADT.

The meta-analysis of the ACCORD and VADT demon-
strated that glucose variability (measured by both CV and 
ARV) is a significant risk factor for the composite micro-
vascular outcome as well as for both nephropathy and ret-
inopathy individually, with estimated I2 statistics of 63%, 
55%, and 42%, respectively. The pooled risk estimate of 
glucose variability was greatest for nephropathy (HR of 
1.29 for ARV and 1.38 for CV, Fig. 2).

To explore a differential effect between the treatment 
arms, we added a glucose variability by treatment inter-
action and assessed the pooled interaction effect. For the 
composite outcome, the P value for the CV-glucose inter-
action was 0.07. In stratified-metanalysis, the HR for 
CV-glucose in the standard treatment group was significant 
for the composite outcome, as well as for nephropathy and 
retinopathy individually (Fig. 3). In contrast, it was not a 
significant predictor for any outcome in the intensive treat-
ment group. This difference between treatment groups was 
most apparent for development of renal outcomes, with a 
HR of 1.88 (1.37-2.58, P < 0.001) in the standard group vs 
1.14 (0.87-1.48, P = 0.35) in the intensive group. This treat-
ment related modification of the relationship of glucose 
variability with each outcome was also apparent in each 
study, with the HRs for CV-glucose achieving statistical sig-
nificance only in the standard treatment group (Fig. 3). This 
pattern of differential effects of glucose variability by treat-
ment group was also present for ARV-glucose.

Discussion

We show that among patients with advanced T2D, fasting 
glucose visit-to-visit variability was associated with the de-
velopment of microvascular complications (both for the 
composite of nephropathy and retinopathy as well as each 
outcome category individually) even after adjusting for 
other risk factors, including overall level of glucose con-
trol. A 20% to 30% increase in the risk of developing com-
posite events with 1 SD increase in glucose variability was 
present in both in ACCORD and the VADT study cohorts. 
Even greater increases in risk for nephropathy were seen 
in both studies. Pooled analysis of these 2 separate studies 
confirmed these findings and showed a nearly 20% increase 
in risk for the primary microvascular composite outcome, 
and a 50% increase in risk for nephropathy, for the same 
1 SD increase in CV-glucose variability. A unique finding 
in this pooled analysis was that effects of glucose vari-
ability appeared particularly robust in those randomized to 
the standard treatment group, with an approximate 65% 
increase in risk for nephropathy in the pooled analysis. 
Although P values for testing the treatment modification on 
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the risk of glucose variability (0.07 for primary composite 
outcome and 0.06 for both nephropathy and retinopathy) 
support stratified analyses, the results should be considered 
exploratory.

Results from several previous investigations of long-term 
glycemic variability and microvascular outcomes are gener-
ally supportive of our findings (10, 25-29). However, our 
analysis based on 2 independent glucose-lowering trials, 
ACCORD (n = 10 026) and VADT (n = 1658), exceeds the 
sample sizes of all previous reports using trial design (8, 
25, 27-29) and was able to focus on clinically important 
and carefully adjudicated nephropathy and retinopathy 
outcomes. Aside from the ADVANCE trial (9), most other 
studies were observational (retrospective and prospective 
cohort studies based on medical records or registries) and 
were not assessing glucose variation in the context of 

glucose lowering. Importantly, nephropathy outcomes in 
these studies were typically not clinically relevant events 
but were based either on mild changes in urine albumin 
to creatinine ratio (25) or eGFR (8, 29). However, these 
studies had also noted a stronger relationship between glu-
cose variability and renal disease than with eye disease, a 
pattern that is more definitively confirmed with our results. 
Both ACCORD and VADT also included extensive assess-
ments of demographic, medical history, and laboratory 
data, permitting comprehensive adjustment for covariates 
in models. Taking advantage of multiple secondary micro-
vascular outcomes captured in ACCORD also allowed us 
to investigate the contribution of glucose variability over a 
spectrum of microvascular events for T2D patients.

As both ACCORD and VADT randomized partici-
pants to intensive and standard glucose-lowering arms, this 

Figure 2.  Meta-analysis of the risk of glucose variability for microvascular complications in ACCORD and VADT. Hazard ratios for each individual 
study were estimated using fully adjusted models (Model-3 in text). Fixed-effect meta-analysis and inverse variance weighted method was 
used. Composite outcome: Nephropathy or Retinopathy; Nephropathy: 2 consecutive values of serum creatinine ≥3.3 or eGFR < 30; Retinopathy: 
Photocoagulation or Vitrectomy.
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Figure 3.  Meta-analysis of the risk of glucose variability for microvascular complications stratified by treatment arms of ACCORD and VADT. Hazard 
ratios (95% CI) in each study were estimated based on fully adjusted Model-3. Fixed-effect meta-analysis and inverse variance weighted method was 
used. Differential risks of glucose variability were assessed by assessing an interaction between glucose variability and treatment groups. For com-
posite outcome#, P value of interaction is 0.07 and 0.24 for CV and ARV respectively. For nephropathy*, P values for interactions were 0.06 and 0.08 
for CV and ARV respectively. For retinopathy+, P values for interactions were 0.06 and 0.30 for CV and ARV, respectively.
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offered a unique opportunity to investigate the differen-
tial effects of glucose variability across treatment groups. 
As was apparent within each cohort and confirmed in the 
meta-analyses of the 2 trials, glycemic variation appeared 
most harmful in those with less intensive glucose control. 
As the unit of comparison, 1 SD of glucose variability, was 
calculated based on variability in the whole group, the com-
parison between groups was based on a similar degree of 
variability and allows us to directly compare the risk be-
tween the 2 treatment arms. Of note, despite finding that 
glucose variability was higher in “insulin users” than in 
“non-insulin users,” the risk of glucose variability remained 
present after adjusting for insulin use. This indicates that the 
risk of glucose variability for microvascular outcomes is not 
simply a function of greater insulin use. For both ACCORD 
and VADT, when both CV and ARV were included in Model 
3, risk of CV for the primary outcome and retinopathy re-
mained the same while the risk of ARV diminished (data 
not shown). These results suggest that for the primary out-
come and retinopathy the spread of glucose as measured by 
CV better identifies risks. Finally, as the ACCORD study 
recorded adherence to glycemic medications, we were able 
to explore whether this behavior explained the relationship 
between glucose variability and outcomes. As illustrated in 
Supplementary Table 6, accounting for adherence to dia-
betes medications in several different ways did not notably 
alter the risk of glucose variability (13).

These results have several important implications. They 
strongly corroborate the additional risk that glucose vari-
ation may have in development of microvascular compli-
cations, even when accounting for overall glucose control. 
From a clinical perspective, understanding the risk of glu-
cose variability during glucose lowering is particularly rele-
vant as this may inform healthcare providers when they 
make decisions to target lower HbA1c goals. Although 
fasting glucose is inexpensive, routinely measured, and 
readily extractable for potential use in automated algo-
rithms calculating variability, these results are also valuable 
as proof-of-principle as more continuous glucose moni-
toring devices will undoubtedly further refine long-term 
assessments of glucose variability in the near future. Our 
data also suggest that additional attention to glucose 
variability may be needed to prevent microvascular com-
plications in those with relatively poor glycemic control. 
A potential explanation, consistent with our multivariate 
analyses, is that glucose variability is an independent con-
tributor to microvascular disease. Indeed, many patho-
physiologic mechanisms have been proposed to explain 
how glucose fluctuations may cause vascular injury (15, 
30). Thus, the combination of marked hyperglycemia and 
increased glucose variability may further increase overall 
risk for these events, and in particular, for renal outcomes. 

However, these results do not imply that glucose variation 
is only important in the setting of very poor glucose con-
trol. Moreover, we have previously reported that glucose 
variation was associated with increased risk for cardiovas-
cular disease (17) and was particularly prominent in those 
undergoing more aggressive glucose lowering. Thus, the ef-
fects of glucose variation on T2D complications may not 
be relevant solely to those in poor glucose control. These 
intriguing findings clearly need to be validated.

Our study has several limitations. Despite our efforts 
to account for key covariates in models predicting micro-
vascular disease, residual confounding remains a possi-
bility. In addition, participants in ACCORD and VADT 
reflect more advanced diabetes, and caution must be taken 
when applying our findings to younger and healthier T2D 
patients. Finally, our study is not able to tease out whether 
glycemic variability is a key mediator of microvascular dis-
ease progression or simply a marker.

In summary, our study indicates higher visit-to-visit 
fasting glucose variability is related to increased risk for 
microvascular complications, including nephropathy, and 
retinopathy. This relationship appears strongest in those in-
dividuals who were assigned to the standard treatment arms 
and who on average had worse overall glucose control. Our 
results suggest that visit-to-visit glucose variability may be 
another relevant component of overall glycemic manage-
ment in T2D. Further efforts are needed to determine how 
best to clinically track glucose variability and whether ther-
apies reducing variability can improve outcomes.
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