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OBJECTIVE

Short- and long-term glycemic variability are risk factors for diabetes complica-
tions. However, there are no validated A1C target ranges or measures of A1C sta-
bility in older adults. We evaluated the association of a patient-specific A1C
variability measure, A1C time in range (A1C TIR), on major adverse outcomes.

RESEARCH DESIGN AND METHODS

We conducted a retrospective observational study using administrative data
from the Department of Veterans Affairs and Medicare from 2004 to 2016.
Patients were$65 years old, had diabetes, and had at least four A1C tests during
a 3-year baseline period. A1C TIR was the percentage of days during the baseline
in which A1C was in an individualized target range (6.0–7.0% up to 8.0–9.0%) on
the basis of clinical characteristics and predicted life expectancy. Increasing A1C
TIR was divided into categories of 20% increments and linked to mortality and
cardiovascular disease (CVD) (i.e., myocardial infarction, stroke).

RESULTS

The study included 402,043 veterans (mean [SD] age 76.9 [5.7] years, 98.8%
male). During an average of 5.5 years of follow-up, A1C TIR had a graded relation-
ship with mortality and CVD. Cox proportional hazards models showed that lower
A1C TIR was associated with increased mortality (A1C TIR 0 to<20%: hazard ratio
[HR] 1.22 [95% CI 1.20–1.25]) and CVD (A1C TIR 0 to <20%: HR 1.14 [95% CI
1.11–1.19]) compared with A1C TIR 80–100%. Competing risk models and shorter
follow-up (e.g., 24 months) showed similar results.

CONCLUSIONS

In older adults with diabetes, maintaining A1C levels within individualized target
ranges is associated with lower risk of mortality and CVD.

Diabetes treatment often focuses on lowering A1C to prevent complications. Older
patients with diabetes frequently have comorbidities and limited life expectancy,
and this can affect the balance between benefits and harms of lower A1C levels.
Many clinical practice guidelines (1–4) recommend higher A1C levels for older
adults on the basis of patient-level factors such as life expectancy and treatment
risks. However, A1C treatment goals that include only an upper limit (e.g., <8% or
64 mmol/mol) may place more weight on the risks of hyperglycemia and less on

1VA Boston Healthcare System, Boston, MA
2Boston University School of Medicine, Boston,
MA
3Boston University School of Public Health,
Boston, MA
4VA Salt Lake City Healthcare System, Salt Lake
City, UT
5University of Utah, Salt Lake City, UT
6Harvard Medical School, Boston, MA

Corresponding author: Julia C. Prentice, jprentic@
bu.edu

Received 3 February 2021 and accepted 29
April 2021

This article contains supplementary material online
at https://doi.org/10.2337/figshare.14515170.

© 2021 by the American Diabetes Association.
Readers may use this article as long as the
work is properly cited, the use is educational
and not for profit, and the work is not altered.
More information is available at https://www.
diabetesjournals.org/content/license.

EP
ID
EM

IO
LO

G
Y/
H
EA

LT
H
SE
R
V
IC
ES

R
ES
EA

R
C
H

1750 Diabetes Care Volume 44, August 2021

mailto:jprentic@bu.edu
mailto:jprentic@bu.edu
https://doi.org/10.2337/figshare.14515170
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license
http://crossmark.crossref.org/dialog/?doi=10.2337/dc21-0292&domain=pdf&date_stamp=2021-08-11


the risks of potential overtreatment,
leading to a wide range of A1C levels
considered acceptable.
Emerging evidence suggests that

both short-term and long-term glycemic
variability are linked to diabetes compli-
cations (5–16). Target ranges for day-to-
day glucose measurements and thresh-
olds for time in range (TIR) have been
proposed to minimize risks of hypo- and
hyperglycemia and microvascular com-
plications (7). Many older adults with
diabetes, and particularly those who are
not treated with insulin, may derive lim-
ited benefits from periodic or continu-
ous glucose monitoring (17–20), and
their glucose control will be tracked by
A1C levels. Long-term glycemic variabil-
ity as measured by fluctuations in A1C
over time also predicts diabetes compli-
cations, including micro- and macrovas-
cular disease and mortality (8–16). Yet,
there are no validated A1C target
ranges that associate TIR with diabetes
complications. Studies have focused on
measures of A1C variability, such as SD
or coefficient of variation, but have not
linked A1C stability within specific
ranges with adverse outcomes.
We developed a patient-level mea-

sure that captures A1C stability over
time, termed A1C TIR, that is based on
A1C target ranges adjusted to each
patient’s comorbidities, complications,
and life expectancy. To demonstrate the
usefulness of this measure as a predic-
tor of adverse outcomes, we assessed
the effects of A1C TIR on mortality and
incident cardiovascular disease (CVD) in
a large nationwide sample of Medicare-
eligible veterans.

RESEARCH DESIGN AND METHODS

Study Population
The study was reviewed and approved
by the institutional review board at the
Department of Veterans Affairs (VA)
Boston Healthcare System. We followed
criteria by Miller et al. (21) to establish
a diabetes diagnosis, which was based
on at least one inpatient and/or two
outpatient diagnosis codes and/or dia-
betes medications. Veterans aged $65
years who met these criteria were eligi-
ble for the study.

Study Timing
We used administrative and health care
utilization data from VA and Medicare

from 2004 through 2016. Each patient
had a 1-year clean period, a 3-year
baseline period, and an outcome period
that lasted until they experienced an
outcome or the end of 2016, whichever
came first. Since outcomes could take
many years to develop, we followed
patients for as many years as we had
available data (through 2016).

The 1-year clean period was used to
determine the presence of diabetes
complications and to predict life expec-
tancy before the baseline period. This
information was used to set the individ-
ual’s initial A1C target range during the
baseline (see Calculating A1C TIR for
more details).

To determine A1C TIR, we required
that patients have at least four A1C
tests during the 3-year baseline period,
with tests no more than 1 year apart.
VA performance metrics during the
study period required annual A1C test-
ing for patients with diabetes (22).
Requiring four A1C tests during the 3-
year baseline period identified patients
who were more reliant on the VA for
their health care, increasing the reliabil-
ity of the A1C TIR because laboratory
results were only available from VA
data. Patients could enter the clean
period from 2004 to 2011 and start the
baseline period between 2005 and
2012, with follow-up through 2016 or
when a participant experienced an out-
come (Fig. 1).

The final sample size for the main
analyses was 402,043 for mortality
models after excluding patients with
missing covariate data and those living
outside the U.S. For incident myocardial
infarction (MI) and stroke models, the
sample size was 388,515 after excluding
patients who had these diagnoses dur-
ing the clean and baseline periods
(Supplementary Appendix A).

Calculating A1C TIR
Patient-level A1C TIR was calculated
as the percentage of days during the

3-year baseline period that a patient’s
A1C level was within an individualized
target range. We used the VA/Depart-
ment of Defense Diabetes Clinical Prac-
tice Guideline (2) to define individual
A1C target ranges. This guideline pro-
poses upper and lower bounds for A1C
values and proposes different A1C tar-
get ranges on the basis of comorbid-
ities, diabetes complications, and life
expectancy.

To determine life expectancy, we
predicted <5, 5–10, and $10 year mor-
tality risk on the basis of 20 comorbid-
ities or procedures, demographics,
diabetes medications, biomarker and
laboratory tests, and inpatient and out-
patient health care utilization (23). The
algorithm predicting life expectancy
included several biomarkers that were
recommended for annual screening
(e.g., serum cholesterol, creatinine), so
we used the 1-year clean period to min-
imize missing data on these biomarkers
(24). To assess diabetes complications,
we applied the Diabetes Complications
Severity Index (DCSI) (25,26), with
scores of 0–1, 2–3, or $4 considered
to indicate absent/mild, moderate, or
advanced diabetes complications, resp-
ectively. All predictors of life expec-
tancy and diabetes complications were
examined in the 1-year clean period to
set the initial A1C target range. A1C
target ranges were then updated annu-
ally to account for increasing age, new
comorbidities, and development of dia-
betes complications.

To create the A1C TIR measure, we
used linear interpolation and extrapola-
tion between A1C levels and test dates
to calculate monthly A1C values for the
entire baseline period. We then com-
puted A1C TIR as a percentage of time
that A1C levels were within the target
range (see Supplementary Appendix B
for a detailed example). We tested A1C
TIR for normality, graphically and statis-
tically, and found that it was not nor-
mally distributed. Consequently, it was

Figure 1—Study design. T, time.
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divided into categories of 20% incre-
ments (i.e., 0 to <20%, 20 to <40%, 40
to <60%, 60 to <80%, 80–100%).

Covariates
Baseline covariates included demo-
graphics, measures of ability to obtain
VA services, indicator variables for the
calendar quarter in which a patient
entered the outcome period to control
for time trends, and VA medical center
to control for facility variation. To exam-
ine whether A1C TIR was independent
from A1C levels and other measures of
glycemic variability, we included each
individual’s average A1C level and A1C
SD throughout the baseline period. We
also included the number of A1C tests
during baseline since A1C TIR may be
affected by the frequency of tests.

Comorbidities were taken from the Elix-
hauser comorbidity index (27) and were
computed separately for each baseline
year. Diabetes severity was based on the
highest DCSI score (range 0–13) during
baseline. We also modeled whether the
individual was prescribed several catego-
ries of diabetes medications during base-
line (e.g., insulin, metformin, sulfonylurea).
Medication adherence was measured as a
dichotomous indicator using the propor-
tion of days covered by $80% for all pre-
scribed diabetes medications.

Other laboratory and clinical measures
included serum creatinine, albumin, urine
albumin-to-creatinine ratio, BMI, blood lip-
ids (HDL, LDL, triglycerides), and blood
pressure. These measures were separated
into three categories (i.e., low, normal,
high) using clinical criteria, with a separate
category if the measure was missing.

Clinical provider characteristics that may
correlate with diabetes care were collected.
These variables were computed at the cli-
nician level for all other patients cared for
by the same provider during the baseline
period and included percentage of blood
pressure readings >140/90 mmHg, per-
centage of LDL cholesterol levels >100
mg/dL, and percentage of A1C levels
>9% (75 mmol/mol) (28). Also included
were clinician type (physician, nurse
practitioner, physician assistant, other)
and whether the clinician was a primary
care provider.

Outcomes
Outcomes included death and incident
MI or stroke. The Medicare Vital Status

File, which determines the date of
death from VA, Medicare, and Social
Security Administration data, was used
to determine all-cause mortality (29).
We combined MI (24,30–32) and stroke
(33) into a composite CVD outcome
defined as the first occurrence of either
event. MI included both ST elevation MI
and non–ST elevation MI, and stroke
included ischemic and hemorrhagic
stroke.

Analyses
We estimated the effects of A1C TIR on
the risks of mortality and CVD using sepa-
rate Cox proportional hazards models for
each outcome. Each model included
patient A1C TIR as the main explanatory
variable as well as all covariates. In the
primary analyses, the outcome period
extended through 2016 unless the indi-
vidual experienced a censoring event. In
the mortality model, individuals were
censored upon death or at the end of
2016. In the CVD model, individuals were
censored after experiencing MI or stroke,
upon death, or at the end of the study
period.

Several sensitivity analyses were con-
ducted. We used separate models to pre-
dict mortality and CVD, but individuals are
at risk for both outcomes at the same
time, and this could lead to biased results
(34–36). For the CVD outcome, we used
Fine and Gray’s competing risk Cox propor-
tional hazards model using SAS 9.4 statisti-
cal software. We also tested whether
results held with a shorter follow-up
period limited to 24 months. Finally, we
included A1C TIR as a continuous variable
to test the robustness of the results. All
other analyses were conducted using Stata
15 software (37).

RESULTS

Patients in the sample had a mean age
76.9 years and were predominantly White
(86.3%) and male (98.8%); 26.4% had
DCSI scores >5, and 24.4% were using
insulin (Table 1). Fifty-two percent of the
sample died, and 21% experienced a
stroke or MI during an average outcome
period of 5.5 years. Fifteen percent of the
sample was followed for <2 years, and
47% were followed for$6 years.

Target A1C Levels To Determine TIR
Patients were assigned to different A1C
target ranges on the basis of life

expectancy and diabetes complications,
and these varied from 14% with an A1C
target range of 6.0–7.0% (42–53 mmol/
mol) to 17% with an A1C target range
of 8.0–9.0% (64–75 mmol/mol) (Table 2).

A1C TIR and Clinical Outcomes
The average baseline A1C for the study
sample was 7.0% (53 mmol/mol). Among
the A1C TIR categories, mean A1C was
lowest for the groups with A1C TIR 0 to
<20% and 80–100%. A1C SD decreased
with increasing A1C TIR (Supplementary
Appendix C).

Sixty-eight percent of the sample was
in the A1C TIR 0 to <20% or 20 to
<40% category, with the remaining
32% having A1C TIR $40% during the
baseline period (Table 3). There was a
graded relationship between lower A1C
TIR and higher mortality and CVD out-
comes. In unadjusted analyses, patients
with A1C TIR 0 to <20% had a 58.2%
mortality rate during the outcome
period compared with 31.3% with A1C
TIR 80–100%. For CVD events, these
clinical outcomes were 22.6% and
14.7%, respectively (data not shown).

In Cox proportional hazards models
that controlled for covariates, including
mean A1C level, A1C SD, and number of
A1C tests, A1C TIR retained a significant
relationship with mortality and CVD
(Table 3). The risk of mortality increased
with decreasing A1C TIR. Compared
with A1C TIR 80–100%, the hazard ratio
(HR) was 1.10 (95% CI 1.07–1.12) for
A1C TIR 60 to <80%, 1.11 (95% CI
1.09–1.14) for A1C TIR 40 to <60%,
1.14 (95% CI 1.12–1.16) for A1C TIR 20
to <40%, and 1.22 (95% CI 1.20–1.25)
for A1C TIR 0 to <20%.

Similar results emerged for the CVD
outcome. Compared with A1C TIR
80–100%, the HR was 1.06 (95% CI
1.02–1.10) for A1C TIR 60 to <80%,
1.07 (95% CI 1.04–1.11) for A1C TIR 40
to <60%, 1.08 (95% CI 1.04–1.11) for
A1C TIR 20 to <40%, and 1.14 (95% CI
1.11–1.19) for A1C TIR 0 to <20%.

Other covariates also had significant
relationships with mortality and CVD.
Older veterans, higher DCSI scores, insu-
lin use, elevated urine albumin-to-crea-
tine ratio, and congestive heart failure
had increased risk of both outcomes.
Biguanide and thiazolidinedione use
were associated with lower risk of both
outcomes (Supplementary Appendix D).
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Sensitivity Analyses
Sensitivity models further supported the
relationship between A1C TIR and adverse
outcomes (Supplementary Appendix E). In
models that assessed a shorter outcome
period (i.e., 24 months) lower A1C TIR was
associated with a higher risk of mortality
(A1C TIR 0 to <20%: HR 1.28 [95% CI
1.22–1.34]) and CVD events (A1C TIR 0 to
<20%: HR 1.19 [95% CI 1.12–1.26]). Simi-
larly, in a competing risk model that pre-
dicted CVD events with the competing risk
of mortality, patients with higher A1C TIR
had a lower risk of these outcomes (A1C
TIR 0 to <20%: HR 1.11 [95% CI 1.08–
1.14]). In models that included A1C TIR in
linear form, there was a significant nega-
tive relationship between higher TIR and
mortality and CVD outcomes (data not
shown).

CONCLUSIONS
We show that in older adults with diabe-
tes, maintaining stability of A1C levels
within individualized target ranges over a
3-year period is associated with reduced
risk of mortality and CVD outcomes. A1C
TIR was based on comorbidities, complica-
tions, and life expectancy, and outcomes
were measured over an average of 5.5
years and up to 9 years. The results were
robust, with models that controlled for
several relevant covariates, including mean
A1C levels, A1C SD, and number of A1C
tests.

These findings advance diabetes care
in two important ways. First, A1C goal
setting in older adults often balances
reducing risks of acute hyperglycemia
and microvascular complications with
minimizing potential burdens and harms
from hypoglycemia and polypharmacy.
Clinical practice guidelines recognize
these exigencies and propose treatment
goals, often with higher A1C levels, that
account for patients’ unique characteris-
tics and goals of care (1–4). However,
A1C treatment goals that include only
an upper limit may infer that a wide
range of levels, including normal levels,
may be acceptable. Our findings suggest
that examining the time spent within
specific A1C ranges with upper and
lower bounds may have important
implications. Patients with lower A1C
TIR were more likely to experience mor-
tality and CVD outcomes. Second, sev-
eral studies have shown that increased
short-term and long-term glycemic

Table 1—Selected descriptive demographic and comorbidity statistics at baseline
(N 5 402,043)

Parameter Mean (SD) or n (%)

Demographics
Age at the start of the outcome period (years)
68–72 83,144 (20.7)
73–76 98,120 (24.4)
77–81 109,330 (27.2)
82–105 111,449 (27.7)

Sex
Male 397,009 (98.8)
Female 5,034 (1.3)

Race/ethnicity
White 346,909 (86.3)
Black 43,065 (10.7)
Hispanic 6,164 (1.5)
Asian 1,431 (0.4)
Other 4,474 (1.1)

Marital status
Married 274,368 (68.2)
Divorced/separated 53,872 (13.4)
Widowed 54,560 (13.6)
Other 19,243 (4.8)

Years of follow-up
Up to 2 years 58,800 (14.6)
2 to <4 years 75,091 (18.7)
4 to <6 years 75,365 (18.8)
6 to <8 years 70,310 (17.5)
$8 years 122,477 (30.5)

Clinical characteristics
A1C during baseline
% 7.0 (1.0)
mmol/mol 53

A1C SD during baseline 0.56 (0.5)
Number of A1C tests 6.3 (2.4)
DCSI (highest score during the baseline period)
0 29,173 (7.3)
1–2 103,321 (25.7)
3–5 163,691 (40.7)
6–8 87,483 (21.8)
$9 18,375 (4.6)

Average BMI during the baseline period (kg/m2)
<18.5 647 (0.2)
18.5–24.9 51,442 (12.8)
25–29.9 152,662 (38.0)
30–39.9 162,025 (40.3)
$40 17,962 (4.5)
Missing 17,305 (4.3)

Cardiovascular comorbidities
Cardiac arrhythmias 169,215 (42.1)
Cardiovascular 277,401 (69.0)
Cerebrovascular 121,562 (30.2)
Congestive heart failure 120,914 (30.1)
Hypertension 385,495 (95.9)

Medicationsa

Sulfonylureas 214,792 (53.4)
Biguanides 198,435 (49.4)
Insulin 98,086 (24.4)
Thiazolidinediones 63,362 (15.8)
a-Glucosidase inhibitors 7,694 (1.9)
Other medicationb 6,569 (1.6)

Adherence
Any diabetes medications with proportion of days covered $80% 228,430 (56.8)
Any diabetes medications with proportion of days covered <80% 173,613 (43.2)

A1C data are means (SD); otherwise, data are presented as n (%). aAll medications taken by a
patient; hence, the percentage represents prevalence within each medication category. bOther
medications include amylin analog, bile acid sequestrants, dipeptidyl peptidase inhibitor, dopamine
receptor agonist, glucagon-like peptide, meglitinides, and sodium–glucose cotransporter inhibitor.
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variability are risk factors for diabetes
complications (5,6,8–16). Measuring
short-term glycemic variability requires
frequent glucose testing with continu-
ous glucose monitoring or conventional
fingerstick methods. There are limited
data on the benefits of daily glucose
monitoring in older adults, although a
recent study suggests that continuous
glucose monitoring may identify
patients with increased risk of all-cause
and CVD mortality (18,19,38). Periodic
A1C levels remain a mainstay for moni-
toring glucose control, and A1C TIR may
be useful to risk stratify such patients.

Future studies may consider the
influence of A1C TIR on other adverse
events, such as hypoglycemia and micro-
vascular complications, since increasing
A1C variability is associated with each of
these outcomes (39,40). One key question

is whether individuals who are consistently
above their A1C target range will experi-
ence different risks for microvascular or
macrovascular complications than individu-
als who are consistently below their A1C
target range.

Strengths and Limitations
Our study has several strengths. We
used a large nationwide sample of vet-
erans with an extended follow-up
period. The study design used a baseline
period followed by an outcome period
to minimize the possibility of reverse
causation. The results were robust, and
sensitivity analyses with a shorter out-
come period corroborated the main
results. Because it is unlikely that a ran-
domized trial could be conducted to
test the effects of A1C TIR on adverse

outcomes, observational studies are
necessary to define such associations.
We used data that are regularly
included in electronic health records, so
it is also possible to present A1C TIR as
a measure of long-term glycemic stabil-
ity to clinicians at the point of care.

Our study also has limitations. The
study population was $65 years of age
and predominantly male. Results may
not generalize to females or younger
individuals. Medicare data do not
include laboratory test results, so we
may be missing some A1C or other lab-
oratory tests that were performed out-
side the VA. Diabetes complications
tend to track with longer duration of
disease, but we were unable to reliably
determine duration of diabetes because
this is not coded in administrative data.
Our risk-adjusted A1C target ranges and

Table 2—A1C target ranges for the study sample (N 5 402,403)

Diabetes complications

Life expectancya
Absent or mild
(DCSI 5 0–1)

Moderate
(DCSI 5 2–3)

Advanced
(DCSI $4)

>10 years
A1C range, % (mmol/mol) 6.0–7.0 (42–53) 7.0–8.0 (53–64) 7.5–8.5 (58–69)
n (%) 56,124 (14.0) 73,968 (18.4) 82,764 (20.6)

5–10 years

A1C range, % (mmol/mol) 7.0–8.0 (53–64) 7.5–8.5 (58–69) 7.5–8.5 (58–69)
n (%) 13,069 (3.3) 31,293 (7.8) 76,873 (19.1)

<5 years

A1C range, % (mmol/mol) 8.0–9.0 (64–75) 8.0–9.0 (64–75) 8.0–9.0 (64–75)
n (%) 3,926 (1.0) 12,278 (3.1) 51,748 (12.9)

aLife expectancy was based on predicting the likelihood of mortality in <5 years, 5–10 years, and $10 years in the 3rd year of baseline.

Table 3—HRs of A1C TIR predicting mortality and CVD

Cox proportional hazards model HR 95% CI P value

Mortality (n 5 402,043)
Individual A1C TIR (reference 80–100%, n 5 36,642)

60 to <80% (n 5 41,042) 1.10 1.07–1.12 <0.001
40 to <60% (n 5 51,609) 1.11 1.09–1.14 <0.001
20 to <40% (n 5 76,801) 1.14 1.12–1.16 <0.001
0 to <20% (n 5 195,949) 1.22 1.20–1.25 <0.001

A1C SD during baseline 1.14 1.13–1.16 <0.001
A1C average during baseline 1.04 1.03–1.05 <0.001

Myocardial infarction and stroke (n 5 388,515)

Individual A1C TIR (reference 80–100%, n 5 36,309)
60 to <80% (n 5 40,181) 1.06 1.02–1.10 <0.001
40 to <60% (n 5 50,015) 1.07 1.04–1.11 <0.001
20 to <40% (n 5 73,980) 1.08 1.04–1.11 <0.001
0 to <20% (n 5 188,030) 1.14 1.11–1.19 <0.001

A1C SD during baseline 1.03 1.01–1.05 <0.001
A1C average during baseline 1.12 1.11–1.13 <0.001

Model also includes all covariates listed in Supplementary Appendix D when predicting the outcomes.
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the impact of greater A1C TIR on health
outcomes derive from population data.
Ultimately, risk assessments are best
applied at the individual level. Treating
older adults with diabetes should also
consider individual circumstances beyond
comorbidities and complications. Maintain-
ing A1C stability over time may be affected
by frailty or financial or social instability,
and these are not always captured in
coded health data.
This is an observation study. Unob-

served factors, such as nutrition and
self-management, may confound the
apparent association among A1C TIR,
mortality, and CVD outcomes, and we
cannot affirm causality. While there are
different clinical strategies for maintain-
ing A1C stability, our results cannot
assert that prospectively targeting A1C
TIR as a treatment goal will reduce risks
of adverse outcomes.
In summary, we show that in older

adults with diabetes, maintaining A1C
levels within specific and unique ranges
over time is associated with a lower risk
of mortality and CVD outcomes. These
results support using both a personal-
ized approach to A1C goal setting and
A1C stability over time when treating
older patients with diabetes.
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