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OBJECTIVE

This study evaluated the association of time in range (TIR) of 70–180 mg/dL
(3.9–10 mmol/L) with the development or progression of retinopathy and de-
velopment ofmicroalbuminuria using the Diabetes Control and Complications Trial
(DCCT) data set in order to validate the use of TIR as an outcomemeasure for clinical
trials.

RESEARCH DESIGN AND METHODS

In the DCCT, blood glucose concentrations were measured at a central laboratory
from seven fingerstick samples (seven-point testing: pre- and 90-min postmeals
and at bedtime) collected during 1 day every 3 months. Retinopathy progression
was assessed every 6 months and urinary microalbuminuria development every
12 months. Proportional hazards models were used to assess the association of
TIR and other glycemic metrics, computed from the seven-point fingerstick data,
with the rate of development of microvascular complications.

RESULTS

Mean TIR of seven-point profiles for the 1,440 participants was 41 6 16%. The
hazard rate of development of retinopathy progression was increased by 64% (95%
CI 51–78), and development of the microalbuminuria outcome was increased by
40% (95% CI 25–56), for each 10 percentage points lower TIR (P < 0.001 for each).
Results were similar for mean glucose and hyperglycemia metrics.

CONCLUSIONS

Based on these results, a compelling case can be made that TIR is strongly associated
with the risk ofmicrovascular complications and should be an acceptable end point
for clinical trials. Although hemoglobin A1c remains a valuable outcome metric in
clinical trials, TIR and other glycemic metricsdespecially when measured with
continuous glucose monitoringdadd value as outcome measures in many studies.

Hemoglobin A1c (A1C) became the gold standard for assessing glycemicmanagement
after the landmarkDiabetesControl andComplications Trial (DCCT)demonstrated the
strong association between A1C levels and the risk of chronic diabetic vascular
complications, and laboratory methods were developed so that A1C levels could be
readily measured with a high degree of precision. Although its important role in
diabetes management as a clinical trials outcome and as a predictor of long-term
diabetic complications cannot be overstated, A1C does have certain limitations.
A1C is a measure of hyperglycemia, but it provides no indication of hypoglyce-

mia, glycemic variability, or daily patterns of glycemia. Notably, considerable

1Jaeb Center for Health Research, Tampa, FL
2International Diabetes Center Park Nicollet,
Minneapolis, MN
3Close Concerns, San Francisco, CA
4The diaTribe Foundation, San Francisco, CA

Corresponding author: RoyW. Beck, rbeck@jaeb
.org

Received 6 July 2018 and accepted 12 September
2018

This article contains Supplementary Data online
at http://care.diabetesjournals.org/lookup/suppl/
doi:10.2337/dc18-1444/-/DC1.

© 2018 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 infor-
mation is available at http://www.diabetesjournals
.org/content/license.

See accompanying article, p. 345.

Roy W. Beck,1 Richard M. Bergenstal,2

Tonya D. Riddlesworth,1 Craig Kollman,1

Zhaomian Li,1 Adam S. Brown,3 and

Kelly L. Close4

400 Diabetes Care Volume 42, March 2019

C
LI
N
C
A
R
E/
ED

U
C
A
TI
O
N
/N

U
TR

IT
IO
N
/P
SY
C
H
O
SO

C
IA
L

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/42/3/400/528459/dc181444.pdf by guest on 27 August 2022

https://doi.org/10.2337/dc18-1444
http://crossmark.crossref.org/dialog/?doi=10.2337/dc18-1444&domain=pdf&date_stamp=2019-02-05
mailto:rbeck@jaeb.org
mailto:rbeck@jaeb.org
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-1444/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-1444/-/DC1
http://www.diabetesjournals.org/content/license
http://www.diabetesjournals.org/content/license


interindividual variability exists in the
relationship between A1C and mean
glucose concentration so that for an
individual patient, A1C may or may
not be a good indicator of glycemia (1).
This is not necessarily important when
comparing groups in a clinical trial or
computing population averages, but it
can be important in the management of
an individual patient. There are certain
well-known causes of A1C–mean glucose
discordance, such as hemoglobinopathy,
hemolytic anemia, and chronic renal
failure (2); but even when no known
condition affecting red blood cells is
present, there is a wide range of possi-
ble mean glucose concentrations for a
given A1C level (1). This is likely due, in
great part, to interindividual variation in
red blood cell life span (3). The frequent
discordance between mean glucose
and A1C has been known since at least
1990 (4), but awareness has increased
in recent years as continuous glucose
monitoring (CGM) has become more
prevalent (5).
In the last year, several organizations

published consensus statements on the
role of CGM and specific metrics to use
for assessing overall glycemic manage-
ment, hyperglycemia, hypoglycemia, and
glycemic variability (6,7), and a confer-
ence was held with representatives of all
organizations to reach an agreement on
the consensus statements (8). Over time
and in these consensus statements, time
in range (TIR) of 70–180 mg/dL (3.9–
10 mmol/L) has been popularized as an
important metric to be derived from
CGM data to classify glycemic manage-
ment. A survey showed that patients
also recognized TIR as an important out-
come (8,9).
Despite the rapidly increasing use of

CGM, particularly in type 1 diabetes (5),
and the recognition by clinicians of its
value, the U.S. Food and Drug Adminis-
tration has not accepted CGMmetrics as
outcomes for making efficacy claims in
clinical trials conducted for the approval
of a new drug or device (8). The Food and
Drug Administration has indicated the
need to demonstrate the clinical rele-
vance of CGM outcomes, similar to the
DCCT’s demonstration of the association
of A1C levels with vascular complications
(10). For a hypoglycemia outcome such
as time below 54 mg/dL, evidence al-
ready exists to provide clinical validation
of its importance in that hypoglycemia is

associatedwith a number of occurrences
that are clinically relevant. They include
an increased risk of subsequent severe
clinical hypoglycemia events; defective
glucose counterregulation/impaired hy-
poglycemia awareness, which has been
associated with an increased risk of
severe clinical hypoglycemic events;
cognitive function impairment; an in-
crease in cardiac arrhythmias (mortality);
an increase in car accidents; an adverse
effect on quality of life, including sleep;
and reduced work productivity (11–16).

However, for commonly reported
CGM metrics, such as TIR and time in
hyperglycemia, the case of clinical rele-
vance cannot be as easily made. The
metric TIR typically refers to the percent-
age of time that glucose concentrations
are between 70 and 180 mg/dL (3.9 and
10 mmol/L) and as such is primarily
determined by the amount of hypergly-
cemia. It is correlated with A1C, easily
understood by individuals with diabetes,
and readily computed from CGM pro-
files. Regulators have not accepted the
argument that because TIR is largely a
measure of hyperglycemia and is corre-
lated with A1C, it therefore must be
associated with risk for vascular compli-
cations. Therefore, merely showing an
association with A1C has been considered
insufficient evidence to have TIR accepted
as a clinically meaningful outcome.

To conduct a prospective, longitudinal
study toassess theassociationof TIRwith
the development of complicationswould
take many years and be costly. Fortu-
nately, the DCCT collected data that are
valuable for assessing this issue. During
the DCCT, participants were asked to
collect a fingerstick blood sample seven
times a day (pre- and 90 min postmeals
and at bedtime) once every 3 months for
blood glucose measurement by a cen-
tral laboratory (referred to as “seven-
point testing”). These data, although
sparse compared with the 288 daily
data points obtained with CGM, which
was not available during the DCCT, nev-
ertheless provided the opportunity to
evaluate the association of TIR and hy-
perglycemiametricswith themajorDCCT
outcomes of retinopathy and microalbu-
minuria. We used Cox proportional haz-
ards modeling to assess the longitudinal
association between TIR as a time-
dependent variable and the rates of
retinopathy progression and microalbu-
minuria development.

RESEARCH DESIGN AND METHODS

Public DCCT data sets were obtained
from the National Institute of Diabetes
and Digestive and Kidney Disease (NIDDK)
Central Database Repository and with
the assistance of the Biostatistics Center
at George Washington University. An
Institutional Review Board waiver was
received to conduct the analyses. The
DCCT methods and cohort character-
istics have been well described in many
publications and are not repeated here
(10,17).

The analyses used data collected dur-
ing the DCCT (1983–1993). Glycemic
data used in the analyses included
A1C and seven-point glucose concen-
tration blood samples, measured every
3 months at a central laboratory. Out-
come data included reading center
retinopathy gradings from fundus
photographs obtained every 6 months
and urinary microalbuminuria assess-
ment from the albumin excretion rate
(AER) obtained every 12 months. As
reported by the DCCT, retinopathy pro-
gression was defined as a sustained
progression of three or more steps
from baseline at two consecutive visits
(for analysis, timed from the first of the
two visits), and microalbuminuria was
defined as an AER $30 mg/24 h at two
consecutive visits (for analysis, timed
from the first of the two visits).

Of the 1,441 DCCT participants, 1 par-
ticipant had no retinopathy or micro-
albuminuria assessments and was not
included in the analyses. For the retinop-
athy assessment, the DCCT definitions
of primary prevention (no retinopathy at
baseline, n = 726) and secondary inter-
vention cohorts (retinopathy present at
baseline, n = 714) were used. For the
microalbuminuria assessment, the anal-
ysis cohort included 1,283 with an AER
,30 mg/24 h at baseline.

The degree of completeness of the
seven-point testing data has been re-
ported (18). Among the 1,440 partici-
pants included in this analysis, blood
glucose testing data were available for
32,528 (88%) of the possible 37,057
quarterly data collections, with the
seven-point testing profile complete
for 24,892 (77%) of those. To address
the missing glucose data, the multiple
imputation method applied by Lachin
et al. (18) in prior analyses of the
DCCT data set was used.
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TIR 70–180 mg/dL was computed
each quarter by calculating the per-
centage of the seven-point profile
samples that were 70–180 mg/dL. In
addition, the following glucose metrics
were similarly computed: mean glucose,
percentage time .180 mg/dL, percent-
age time .250 mg/dL, area under the
curve 180mg/dL, and high blood glucose
index (19).
To assess the association of each gly-

cemic metric with the retinopathy and
microalbuminuria outcomes, two sepa-
rate discrete Cox proportional hazards
regression models were constructed to
assess the effects of each glucose met-
ric on the retinopathy outcome and the
microalbuminuria outcome. One model
was unadjusted, and the other model
was stratified by the Early Treatment
Diabetic Retinopathy Study (ETDRS)
level of retinopathy at baseline and
adjusted for duration of diabetes sepa-
rately for the primary and secondary
cohorts. The average of each glucose
metric up to each event time was
used as a time-dependent covariate in
the model unless otherwise specified.
The treatment group difference for
each glucose metric was assessed using
linear regression models adjusting for
the glucose metric at baseline.
All reported CIs are at the 95% level.

Analyses were performed using SAS 9.4
software (SAS Institute, Cary, NC).

RESULTS

Criteria for the retinopathy outcome
were met by 271 of 1,440 participants
(19%), and criteria for the microalbu-
minuria outcome were met by 116 of
1,283 participants (9%).

TIR
Mean TIR for the 1,440 participants was
41 6 16%: 52 6 10% in the intensive
treatment group versus 31 6 12% in
the conventional treatment group (P ,
0.001). The full distribution of TIR values
according to treatment group can be
seen in Supplementary Fig. 1. Among
the glucose values out of the range of
70–180 mg/dL, a median of 84% were
.180 mg/dL and 16% were,70 mg/dL.
The correlation of mean TIR with mean
A1C was 20.79.
For each outcome, TIR was substan-

tially lower in those developing the
microvascular complication compared
with those not developing the outcome

(Supplementary Table 1). Mean TIR was
32 6 15% in the 271 participants de-
veloping the retinopathy outcome com-
pared with 44 6 15% in the 1,169
participants not developing the retinop-
athy outcome. Similarly for microalbu-
minuria, mean TIR was 32 6 14% in the
116 participants developing the out-
come versus 42 6 16% in the 1,167
participants not developing the outcome.

In concert with these findings, hazard
ratios for the development of retinopa-
thy or microalbuminuria were increased
substantially with lower time in range
(Fig. 1 and Table 1). The adjusted hazard
rate of development of the retinopathy
outcome was increased by 64% (95% CI
51–78), and development of the micro-
albuminuria outcome was increased by
40% (95% CI 25–56), for each 10 percent-
age points lower TIR (Table 2) (P, 0.001
for each). Results were similar in analyses
conducted separately on the primary

and secondary cohorts based on baseline

retinopathy level (Tables 1 and 2).

Other Glycemic Metrics
Mean glucose concentration and hy-
perglycemia metrics computed from

seven-point testing correlated with TIR

from 20.91 to 20.97 and with A1C by

0.81 to 0.84. Higher mean glucose con-

centrations and higher degrees of

hyperglycemia were present in those

with versus without each outcome (P ,
0.001 for each metric for each out-

come) (Supplementary Table 1) and as-

sociated with increased hazard ratios for

the development of the outcomes (P ,
0.001 for each metric for each outcome)

(Table 2 and Supplementary Table 2).

Similar to TIR, there was a substantial

difference between treatment groups in

each metric (P , 0.001 for each hyper-

glycemic metric) (Table 3).

Figure 1—Frequency of development of microvascular complication according to level of TIR
(70–180 mg/dL) computed from quarterly seven-point blood glucose testing. A: Retinopathy.
B: Microalbuminuria.
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CONCLUSIONS
Using the DCCT data set, we have dem-
onstrated that TIR of 70–180 mg/dL,
computed from quarterly seven-point

blood glucose testing, has a strong as-
sociation with the risk of development
or progression of retinopathy and devel-
opment of microalbuminuria. TIR was

substantially higher in theDCCT intensive
treatment group (52%) compared with
the conventional therapy group (31%).
The findings, which parallel the DCCT A1C

Table 1—Hazard ratios for development of retinopathy and microalbuminuria outcomes according to TIR

Retinopathy outcome Microalbuminuria outcome

TIR N
N (%) with
outcome

Unadjusted HR
(95% CI)*

Adjusted HR
(95% CI)† N

N (%) with
outcome

Unadjusted HR
(95% CI)*

Adjusted HR
(95% CI)†

Overall
$50% 466 36 (8) 1.00 1.00 412 10 (2) 1.00 1.00
40 to ,50% 319 32 (10) 1.54 (0.94–2.55) 1.61 (0.97–2.65) 291 20 (7) 2.44 (1.05–5.67) 2.40 (1.03–5.58)
30 to ,40% 271 59 (22) 3.38 (2.22–5.15) 3.37 (2.20–5.15) 242 29 (12) 4.74 (2.16–10.40) 4.39 (2.01–9.58)
,30% 384 144 (38) 6.23 (4.25–9.13) 6.93 (4.69–10.24) 338 57 (17) 6.68 (3.35–13.29) 6.98 (3.49–13.96)

Primary cohort
$50% 228 8 (4) 1.00 1.00 222 3 (1) 1.00 1.00
40 to ,50% 159 10 (6) 2.43 (0.91–6.53) 2.43 (0.90–6.54) 153 4 (3) 1.25 (0.19–8.41) 1.24 (0.18–8.36)
30 to ,40% 131 25 (19) 7.08 (3.09–16.23) 6.51 (2.82–15.02) 123 6 (5) 3.68 (1.00–13.47) 3.61 (0.98–13.21)
,30% 208 64 (31) 11.29 (5.13–24.85) 11.16 (5.05–24.64) 200 23 (12) 7.35 (2.22–24.26) 7.24 (2.19–23.94)

Secondary cohort
$50% 238 28 (12) 1.00 1.00 190 7 (4) 1.00 1.00
40 to ,50% 160 22 (14) 1.30 (0.73–2.31) 1.38 (0.77–2.45) 138 16 (12) 2.91 (1.05–8.02) 2.92 (1.05–8.08)
30 to ,40% 140 34 (24) 2.39 (1.43–3.97) 2.50 (1.50–4.17) 119 23 (19) 5.11 (1.91–13.65) 4.76 (1.79–12.68)
,30% 176 80 (45) 4.95 (3.16–7.77) 5.72 (3.60–9.09) 138 34 (25) 6.93 (2.90–16.59) 6.78 (2.83–16.25)

Strata based on TIR averaged over the entire DCCT study period. HR, hazard ratio. *From discrete Cox proportional hazards regression
models. P value, computed using TIR as a time-dependent continuous variable, is,0.001 for each cohort. †From discrete Cox proportional hazards
regression models stratified by the ETDRS level of retinopathy at baseline and adjusted for the pre-DCCT glycemic exposure represented by
the preexisting duration of diabetes separately for the primary and secondary cohorts. P value, computed using TIR as a time-dependent
continuous variable, is ,0.001 for each cohort. An additional model which included age and sex as covariates produced similar results.

Table 2—Hazard ratios for development of retinopathy and microalbuminuria outcomes according to glycemic metrics

Retinopathy outcome Microalbuminuria outcome

HR per change of Unadjusted HR (95% CI)* Adjusted HR (95% CI)† Unadjusted HR (95% CI)* Adjusted HR (95% CI)†

Overall
TIR 10% 1.58 (1.46–1.71) 1.64 (1.51–1.78) 1.37 (1.23–1.53) 1.40 (1.25–1.56)
Mean glucose 15 mg/dL 1.20 (1.17–1.23) 1.22 (1.19–1.26) 1.15 (1.10–1.20) 1.16 (1.11–1.21)
Time .180 mg/dL 10% 1.48 (1.39–1.57) 1.52 (1.43–1.62) 1.31 (1.20–1.43) 1.33 (1.21–1.45)
Time .250 mg/dL 10% 1.43 (1.36–1.51) 1.48 (1.40–1.57) 1.30 (1.21–1.41) 1.33 (1.22–1.44)
AUC 180 mg/dL 20 1.34 (1.28–1.40) 1.39 (1.32–1.45) 1.27 (1.18–1.36) 1.29 (1.20–1.39)
HBGI 5 1.36 (1.30–1.42) 1.40 (1.34–1.47) 1.27 (1.19–1.37) 1.30 (1.21–1.40)
A1C 0.5% 1.32 (1.27–1.37) 1.37 (1.31–1.42) 1.22 (1.15–1.28) 1.24 (1.17–1.31)

Primary cohort
TIR 10% 1.71 (1.50–1.94) 1.73 (1.52–1.97) 1.61 (1.31–1.97) 1.61 (1.31–1.98)
Mean glucose 15 mg/dL 1.24 (1.18–1.30) 1.24 (1.19–1.30) 1.22 (1.14–1.31) 1.22 (1.14–1.31)
Time .180 mg/dL 10% 1.56 (1.41–1.73) 1.58 (1.42–1.75) 1.46 (1.24–1.72) 1.46 (1.24–1.72)
Time .250 mg/dL 10% 1.50 (1.38–1.64) 1.53 (1.40–1.67) 1.43 (1.24–1.64) 1.43 (1.24–1.65)
AUC 180 mg/dL 20 1.43 (1.32–1.54) 1.43 (1.33–1.55) 1.40 (1.25–1.57) 1.40 (1.25–1.56)
HBGI 5 1.44 (1.33–1.55) 1.45 (1.34–1.57) 1.41 (1.26–1.59) 1.41 (1.25–1.58)
A1C 0.5% 1.38 (1.30–1.46) 1.41 (1.32–1.50) 1.25 (1.13–1.37) 1.25 (1.14–1.37)

Secondary cohort
TIR 10% 1.53 (1.39–1.69) 1.59 (1.43–1.76) 1.32 (1.15–1.51) 1.31 (1.14–1.49)
Mean glucose 15 mg/dL 1.18 (1.15–1.23) 1.21 (1.16–1.25) 1.13 (1.08–1.20) 1.13 (1.07–1.19)
Time .180 mg/dL 10% 1.45 (1.34–1.56) 1.49 (1.37–1.62) 1.28 (1.15–1.42) 1.27 (1.14–1.41)
Time .250 mg/dL 10% 1.41 (1.32–1.51) 1.46 (1.35–1.57) 1.29 (1.16–1.42) 1.28 (1.15–1.41)
AUC 180 mg/dL 20 1.31 (1.24–1.39) 1.36 (1.28–1.44) 1.23 (1.12–1.35) 1.23 (1.11–1.35)
HBGI 5 1.33 (1.26–1.41) 1.37 (1.29–1.46) 1.24 (1.13–1.36) 1.23 (1.12–1.36)
A1C 0.5% 1.30 (1.24–1.37) 1.34 (1.27–1.41) 1.24 (1.15–1.33) 1.23 (1.14–1.32)

AUC, area under the curve; HBGI, high blood glucose index; HR, hazard ratio. *From discrete Cox proportional hazards regression models using
a time-dependent version of each glucose metric. P value ,0.001 for each model. †From discrete Cox proportional hazards regression models
using a time-dependent version of each glucose metric stratified by the ETDRS level of retinopathy at baseline and adjusted for the pre-DCCT
glycemic exposure represented by the preexisting duration of diabetes separately for the primary and secondary cohorts. P value ,0.001 for
each model. An additional model which included age and sex as covariates produced similar results.
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results, were similar for mean glucose
and hyperglycemia metrics computed
from the seven-point testing. Prior stud-
ies analyzing the DCCT data have dem-
onstrated an association between mean
glucose computed from the seven-point
testing and microvascular complications
(20–23), but we are not aware of a prior
analysis of TIR. The difference in mean
TIR between those developing and not
developing a microvascular outcome was
10–12%, representing about 2.5 h/day
and an A1C difference of 1.0–1.4%.
With advances in CGM technology,

including accuracy and ease of use,
CGM has supplanted seven-point test-
ing as the optimal method to obtain in-
formation on glycemia throughout the
day. It is reasonable to assume that
the association of seven-point testing–
measured TIR with complications also
would apply to CGM-measured TIR,
particularly because two studies have
demonstrated similar TIR results com-
paring CGM and blood glucose mea-
surements. In a study of 161 subjects
conducted by the Diabetes Research in
Children Network (DirecNet), mean TIR
was 49% measured with CGM and 50%
measured with eight-point testing (an
overnight measurement added to the
seven-point profile) (24). In another
study combining data from six inpatient
studies, mean TIR was 60% with both
CGM and with paired blood glucose
measurements made with a YSI analyzer
or by a central laboratory (25). Because
the amount of glucose data available to
compute TIR and other metrics from
CGM is so substantially greater than

the amount from periodic seven-point
testing, it is possible that the associa-
tion of CGM-measured TIR with the risk
of microvascular complications could
be of even greater magnitude than
that found using quarterly seven-
point testing. Studies have shown that
10–14 days of CGM data provide for an
estimate of TIR and other metrics that
correlates well with 3 months of CGM
data (26).

There are certain limitations inherent
in using seven-point testing data com-
pared with CGM data. With seven-
point testing, there is limited ability to
assess glycemic variability and interday
variation within and between individ-
uals. In addition, the seven-point data are
solely from daytime, and thus the calcu-
lation of TIR and the othermetrics does not
include the overnight period. This could
produce an underestimate of TIR; how-
ever, it is unlikely to have an effect on the
association of TIR with complications.
Although a similar association between
TIR and microvascular complications
might be expected with type 2 diabetes,
it is important to recognize that the DCCT
cohort consists solely of individuals with
type 1 diabetes. During the DCCT, there
were too few cardiovascular events for a
meaningful assessment of the associa-
tion of TIR with such events.

A1C remains a valuable metric as an
outcome in clinical trials. It can be mea-
sured with precision and does not rely
on participant use of a device. However,
there are studies where CGM-measured
TIR or other glycemia metrics would
have advantages as an outcome metric.

Based on these results, a compelling case
can be made that TIR is strongly associ-
ated with the risk of microvascular com-
plications and should be an acceptable
end point for clinical trials.
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