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Abstract 

Purpose: Real-time continuous glucose monitoring (RT-CGM) provides information on 
glycemic variability (GV), time in range (TIR), and guidance to avoid hypoglycemia, 
thereby complimenting HbA1c for diabetes management. We investigated whether GV 
and TIR were independently associated with chronic and acute diabetes complications.
Methods: Between September 2014 and January 2017, 515 subjects with type 1 
diabetes using sensor-augmented pump therapy were followed for 24 months. The link 
between baseline HbA1c and CGM-derived glucometrics (TIR [70-180 mg/dL], coefficient 
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of variation [CV], and SD) obtained from the first 2 weeks of RT-CGM use and the 
presence of complications was investigated. Complications were defined as: composite 
microvascular complications (presence of neuropathy, retinopathy, or nephropathy), 
macrovascular complications, and hospitalization for hypoglycemia and/or ketoacidosis.
Results: Individuals with microvascular complications were older (P  <  0.001), had a 
longer diabetes duration (P < 0.001), a higher HbA1c (7.8 ± 0.9 vs 7.5 ± 0.9%, P < 0.001), 
and spent less time in range (60.4  ±  12.2 vs 63.9  ±  13.8%, P  =  0.022) compared with 
those without microvascular complication. Diabetes duration (odds ratio [OR]  =  1.12 
[1.09-1.15], P < 0.001) and TIR (OR = 0.97 [0.95-0.99], P = 0.005) were independent risk 
factors for composite microvascular complications, whereas SD and CV were not. Age 
(OR = 1.08 [1.03-1.14], P = 0.003) and HbA1c (OR = 1.80 [1.02-3.14], P = 0.044) were risk 
factors for macrovascular complications. TIR (OR = 0.97 [0.95-0.99], P = 0.021) was the 
only independent risk factor for hospitalizations for hypoglycemia or ketoacidosis.
Conclusions: Lower TIR was associated with the presence of composite microvascular 
complications and with hospitalization for hypoglycemia or ketoacidosis. TIR, SD, and CV 
were not associated with macrovascular complications.

Key Words: type 1 diabetes, continuous glucose monitoring, complications, hypoglycemia, time in range, glucose 
variability

Managing type 1 diabetes (T1D) is challenging and re-
quires intensive glucose monitoring and titration of insulin 
to reduce the risk of both acute and chronic complica-
tions. HbA1c has been accepted as the gold standard to 
assess overall glycemic control and, in general, a value of 
≤7% (53  mmol/mol) is targeted (1). Until recently, self-
monitoring of blood glucose (SMBG) was done by 4 to 7 
capillary glucose measurements per day. However, SMBG 
does not show a complete picture on glucose control (usu-
ally including no postprandial or nocturnal data). The 
advent of continuous glucose monitoring (CGM) has sub-
stantially changed management of T1D. CGM systems pro-
vide a comprehensive view of glucose profiles identifying 
patterns, areas of glucose variability (GV), and times spent 
in range (TIR: 70-180  mg/dL [3.9-10.0  mmol/L]), below 
or above target range, thereby allowing patients to make 
therapeutic adjustments to improve metabolic control. 
Despite the limitations of CGM (costs, measurement of 
glucose in the interstitial fluid, time lag of ~10 minutes), 
a growing body of evidence supports the use of CGM be-
cause it has the potential to improve HbA1c, TIR, GV, and 
quality of life (2-10).

So far, HbA1c is the only metric of glucose control 
showing a strong association with chronic complications; 
however, it is unreliable in situations as anemia, transfusion, 
hemodialysis, cirrhosis and certain hemoglobinopathies. 
It is also 0.2% to 0.4% higher in US African Americans 
and Hispanics than in Caucasians for the same mean 
glucose (11). HbA1c does not inform about intraday or 
day-to-day glucose variability nor captures number and 
timing of hypo- or hyperglycemic episodes and does not 

provide guidance to decrease the risk of hypoglycemia. 
With the use of CGM, an International Consensus on Time 
in Range was recently published with the recommendation 
to spend >70% of time in range (70-180 mg/dL or 3.9-
10 mmol/L) because this level corresponds to an HbA1c 
level of 7.0% (53 mmol/mol) (12, 13). The TIR target for 
older or high-risk individuals is modified to >50% because 
of a potential elevated risk for hypoglycemia in these 
populations.

Evidence linking high GV and low TIR to diabetes 
complications is beginning to emerge. HbA1c variability, 
indicating long-term GV, shows a positive association 
with micro- and macrovascular complications and mor-
tality independent of the HbA1c level (14-16). A role for 
short-term GV in the development of chronic complica-
tions seems less obvious (17-25). The link between TIR, 
derived using 7-point SMBG data collected 1  day every 
3 months, and chronic complications in T1D was recently 
suggested by a new analysis of the Diabetes Control and 
Complications Trial (26). Similar associations between 
microvascular complications and TIR have been reported, 
but most studies had a cross-sectional design, were based 
on retrospective data, or were limited by using a snapshot 
of only 4 to 7 SMBG measurements or by short time use of 
CGM, and were performed in people with type 2 diabetes 
(T2D) (27-34).

In this study, the association between baseline HbA1c 
and CGM-derived glucometrics (TIR, coefficient of vari-
ation [CV], SD) and the presence of chronic and acute com-
plications was investigated in a large group of adults with 
T1D using sensor-augmented pump (SAP) therapy.
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Materials and Methods

Study Design and Participants

A prospective multicenter observational cohort study, the 
Reimbursement Study of Continuous Glucose Monitoring 
in Belgium trial, was performed assessing the impact of na-
tionwide reimbursement of real-time continuous glucose 
monitoring (RT-CGM) in 515 Belgian adults with T1D on 
insulin pump therapy (7, 8). Participants were consecutively 
recruited between September 2014 and January 2017 after 
giving written informed consent. All adults with T1D who 
entered the reimbursement program were included without 
exception. They needed to wear their RT-CGM >70% of 
the time and upload their RT-CGM and pump data on a 
monthly basis. Data collection ended in March 2019, after 
a 24-month follow-up. In Belgium, people with T1D are 
managed in specialist centers by multidisciplinary teams led 
by endocrinologists. If individuals chose to opt for sensor-
augmented pump therapy, they were trained individually 
or in group during 2 to 3 hours by experienced diabetes 
educator nurses, as part of the standard of care.

The study was performed in line with the International 
Conference on Harmonization/Good Clinical Practice 
guidelines and the Declaration of Helsinki in its latest form. 
The study protocol was approved by the Ethics Committee 
of all participating centers (EC number: 15/46/482). This 
study is registered at ClinicalTrials.gov (NCT02601729).

Outcomes and Data Collection

The primary outcome parameter was the independent as-
sociation between TIR obtained from the first 2 weeks of 
RT-CGM use after start of reimbursement of SAP therapy 
and composite microvascular complications at initiation of 
this study, defined as presence of at least 1 of the following: 
neuropathy, retinopathy, nephropathy. Secondary outcome 
parameters were the association between CGM-derived 
glucometrics (TIR, CV, SD) and retinopathy, nephropathy, 
neuropathy, composite macrovascular complications, and 
hospitalizations for severe hypoglycemia and ketoacidosis. 
We hypothesized that subjects with high glucose variability 
were more at risk to be hospitalized for severe hypogly-
cemia and ketoacidosis. We also evaluated the evolution of 
TIR, CV, and SD over 24 months of SAP reimbursement to 
assess how variable these parameters of glucose variability 
are. CGM data were collected at 2 weeks and 4, 8, 12, and 
24 months.

Presence of nephropathy was scored positive in case of 
24-hour urinary albumin excretion >20  µg/min or eGFR 
<60  mL/min/1.73 m2 or creatinine level >1.5  mg/dL. 
Presence of retinopathy was scored positive if fundoscopy 
showed preproliferative (microaneurysms, intraretinal 

microvascular abnormalities, exudates, venous beading) 
or proliferative retinopathy. Peripheral neuropathy was 
scored positive if monofilament tests were abnormal or ab-
normal nerve conduction velocities were documented by 
electromyography of the lower limbs. Macrovascular dis-
ease was scored positive if (1) electrocardiogram showed 
abnormalities suggestive of cardiac ischemia (eg, ST seg-
ment depression or elevation, intraventricular conduction 
block, Q waves) or (2) medical history was positive for 
myocardial infarction or coronary artery bypass graft or 
(3) clinical signs of heart failure and (4) peripheral artery 
disease was present as assessed by clinical examination or 
Doppler of the arteries of the lower limbs. Patient-reported 
hospitalizations for hypoglycemia and/or ketoacidosis were 
validated using hospital records in the individual centers.

Statistical Analysis

All data were analyzed using SPSS (IBM SPSS Statistics 
version 26.0, Armonk, NY). Normality of data was tested 
by the Kolmogorov-Smirnov test. Parametric data are ex-
pressed as mean ± SD, nonparametric data are expressed 
as median (minimum-maximum), and categorical data are 
expressed as numbers and percentages. The t test, Mann-
Whitney U test, or ANOVA were used to determine dif-
ferences between groups. To compare groups with low vs 
high glucose variability based on CV, we used a cutoff of 
36% per consensus (35, 36). For SD, we conducted a me-
dian split at 24 months (SD < 61 mg/dL vs SD ≥61 mg/dL). 
For TIR, we used a cutoff of 70% per consensus (12, 33). 
Differences in distributions of categorical data were evalu-
ated by χ 2 (with Cramer’s V) or Fisher exact test. A linear 
mixed model with an unstructured covariance matrix was 
used to assess the evolution of HbA1c, time spent in dif-
ferent glycemic ranges, CV, and SD. By using a linear mixed 
model, cases with missing data still contributed to the ana-
lyses. Stepwise backward logistic regression and multiple 
linear regression analyses were used to assess the strength 
and independency of associations between CGM-derived 
glucometrics and the presence of chronic or acute compli-
cations. Factors that were significant in univariate analyses 
were included in multiple linear regression models together 
with the glucometrics that were part of the research ques-
tion (TIR, SD, CV). Statistical significance was predeter-
mined as a 2-sided P value <0.05.

Results

Patient Characteristics

The majority of the 515 persons with T1D were female 
(59%), highly educated (64%), and Caucasian (97%). 
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Their mean age was 42.2 ± 12.5 years. They had a long dia-
betes duration (22.3 ± 11.6 years) with 5.7 ± 4.6 years of 
continuous subcutaneous insulin infusion experience and a 
baseline HbA1c of 7.6 ± 0.9% (60.0 ± 9.8 mmol/mol). Self-
reported impaired hypoglycemia awareness was common 
(47%). Thirty-five percent of patients were diagnosed with 
1 or more microvascular complications (29% retinopathy, 
13% neuropathy, and 10% nephropathy) and 5% already 
had macrovascular complications (see Table 1 of Charleer 
et al (7)). Data of glucose variability (SD and CV) and of 
TIR were available in respectively 383 and 334 subjects. 
Demographic and glucometric characteristics did not differ 
between the entire group vs the group of subjects of whom 
RT-CGM data were available vs those in whom baseline 
RT-CGM data were lacking.

Evolution of Glucometrics

HbA1c decreased from 7.6  ±  0.9% at baseline to 
7.3 ± 0.8% at 24 months (P < 0.001) (see Fig. 1 of Charleer 
et  al (7)). Time in range evolved from 62.9  ±  12.9% at 
2 weeks to 61.2  ±  13.5% at 4  months, 60.4  ±  12.5% 
at 8  months, 60.7  ±  13.7% at 12  months, and to 
60.8 ± 14.0% at 24 months, demonstrating a significant 
time effect (P = 0.043), which was also the case for time 
below range (P < 0.001) and time above range (P = 0.002) 
(Fig. 1A). The CV at 2 weeks was 38.6 ± 6.1% evolving to-
ward 37.8 ± 4.6% at 4 months, 37.6 ± 5.0% at 8 months, 
37.8 ± 5.2% at 12 months, and 37.0 ± 5.1% at 24 months 

(P = 0.002) (Fig. 1B). No significant time effect on SD was 
found over the 24-month time course (Fig. 1C).

Glucometrics vs Chronic Complications

Time in range 
Subjects who spent >70% of time in range (n  =  97/334 
or 29.0%) had a better HbA1c (7.1 ± 0.8 vs 7.9 ± 0.8%, 
P < 0.001), a shorter duration of pump therapy (P = 0.042), 
a lower SD (48.5 ± 8.5 vs 66.0 ± 10.6 mg/dl, P < 0.001), and 
a lower CV (35.6 ± 4.9 vs 39.7 ± 6.2%, P < 0.001) com-
pared with individuals who spent ≤70% TIR. Age, diabetes 
duration, and body mass index (BMI) were similar (Table 1).

Subjects who spent ≤70% TIR had a higher prevalence 
of composite microvascular complications (P  =  0.044), 
retinopathy (32.9% vs 21.6%, P = 0.041), and peripheral 
neuropathy (16.0 vs 7.2%, P  =  0.032) and, importantly, 
were 2.85 times more prone to be hospitalized for hypo-
glycemia or diabetic ketoacidosis (DKA; 18.1 vs 7.2%, 
P = 0.011) than those with a TIR >70%.

With decreasing time spent in range, the frequency of 
composite microvascular complications increased, being 
present in 26.8% of subjects spending >70% TIR, in 
35.3% of those spending 60% to 70% TIR, in 39.7% 
of those with 50% to 59% TIR, and in 44.4% of those 
with <50% TIR (Fig. 2). For retinopathy, the same pat-
tern was seen: 21.6% (for those with >70% TIR), 29.1% 
(for those with 60%-70% TIR), 32.5% (for those with 
50%-59% TIR), and 42.6% (for those with <50% TIR). 

Table 1. Comparison of subjects spending ≤70% vs >70% TIR

TIR ≤ 70% TIR > 70% OR (95% CI) P value

Total number (men/women) 237 (92/145) 97 (41/56)  NS
Age (y) 42.4 ± 12.6 42.4 ± 13.1  NS
Diabetes duration (y) 22.7 ± 11.3 22.3 ± 13.1  NS
BMI (kg/m²) 25.5 ± 3.8 24.8 ± 3.7  NS
Duration of pump therapy (y) 5.6 (0.0-31.3) 4.1 (0.1-18.4)  0.042
HbA1c at start (%) 7.9 ± 0.8 7.1 ± 0.8  <0.001
HbA1c at start (mmol/mol) 63 ± 9 54 ± 9  <0.001
Standard deviation after 2 wk (mg/dL) 66.0 ± 10.6 48.5 ± 8.5  <0.001
Coefficient of variation after 2 wk (%) 39.7 ± 6.2 35.6 ±4.9  <0.001
Any microvascular complication (n, %) 91 (38.4) 26 (26.8) 1.70 (1.01-2.86) 0.044 
 Nephropathy (n, %) 30 (12.7) 7 (7.2) NS NS
 Retinopathy (n, %) 78 (32.9) 21 (21.6) 1.78 (1.02-3.09) 0.041 
 Total neuropathy (n, %) 45 (19.0) 9 (9.3) 2.29 (1.07-4.89) 0.029
  Peripheral neuropathy (n, %) 38 (16.0) 7 (7.2) 2.46 (1.06-5.71) 0.032
  Autonomic neuropathy (n, %) 23 (9.7) 4 (4.1) NS NS
Any macrovascular complication (n, %) 13 (5.5) 3 (3.1) NS NS
Hospitalization for hypoglycemia or DKA in the last year (n, %) 43 (18.1) 7 (7.2) 2.85 (1.23-6.58) 0.01

Data are expressed as mean ± SD, or as median (minimum-maximum), categorical data are expressed as number (n) with percentages (%). 
Abbreviations: BMI, body mass index; DKA, diabetic ketoacidosis; NS, not significant; OR, odds ratio; TIR, time in range.
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Nephropathy was present in 10.3% of the total cohort, 
ranging from 7.2% in those spending >70% of TIR to 
14.8% in those with TIR  <50%. There was no clear 

relationship between TIR and macrovascular complica-
tions (3.1% for those with >70% TIR vs 7.4% for those 
with <50% TIR) (Fig. 2).

Figure 1. Evolution of (A) percentage of time spent in different glycemic ranges, (B) coefficient of variation, and (C) standard deviation from the start 
of CGM introduction until 24 months. *Statistically significant difference compared with baseline (P < 0.05). CGM, continuous glucose monitoring.
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Coefficient of variation
Individuals with more variable diabetes (CV > 36%) (n = 257 or 
67%) were younger (41.3 ± 12.7 vs 44.3 ± 12.2 years, P = 0.027), 
had a longer experience with pump therapy (5.6 [0-31.3] vs 
3.5 [0.2-19.0] years, P  = 0.004), a higher HbA1c (7.7 ± 0.9 
vs 7.4 ± 1.0%, P = 0.001), and a lower TIR (61.1 ± 10.4 vs 
65.8 ± 17.5%, P = 0.011). No differences in BMI, presence of 
chronic micro- or macrovascular complications or hospitaliza-
tion for hypoglycemia, or DKA were observed.

Standard deviation
A median split was performed for SD because there is no recom-
mended cutoff in the literature. Subjects with a SD ≥ 61 mg/
dL had a higher HbA1c (7.9 ± 0.8 vs 7.3 ± 0.9%, P < 0.001), 
had a longer experience with pump therapy (5.6 [0-31.3] 
vs 4.0 [0-20.3], P = 0.012), and a lower TIR (55.3 ± 9.9 vs 
70.2 ± 12.1%, P < 0.001) compared with those with a lower 
SD. Subjects with a SD ≥ 61 mg/dL were more frequently af-
fected by macrovascular complications (6.9 vs 2.6%, odds 
ratio [OR] = 2.80, 95% CI = 1.002-8.91, P = 0.046). All other 
characteristics were similar. No differences were observed in 
hospitalization for hypoglycemia or DKA.

Comparing Subjects With vs Without 
Complications

Microvascular complications
Individuals with microvascular complications (n  =  180 
or 35%) were older (P  <  0.001), had a longer diabetes 

duration (P < 0.001), a longer duration of pump therapy 
(P  =  0.040), a higher HbA1c (7.8  ±  0.9 vs 7.5  ±  0.9%, 
P  < 0.001), and spent less time in range (60.4 ± 12.2 vs 
63.9 ± 13.8%, P = 0.022) than those without any micro-
vascular complication. The SD also tended to be larger in 
subjects with microvascular complications, but CV was 
similar (Table 2).

Logistic regression analysis showed that diabetes dur-
ation (OR = 1.12, P < 0.001) and TIR (OR = 0.97, P = 0.005) 
were independent risk factors for composite microvascular 
complications, but age, duration of pump therapy, HbA1c, 
SD, and CV were not (Table 3). For nephropathy, diabetes 
duration (OR = 1.08, P < 0.001) and HbA1c (OR = 1.65, 
P = 0.012) were independently associated. For retinopathy, 
it was diabetes duration (OR = 1.14, P < 0.001) and TIR 
(OR = 0.96, P < 0.001) and for neuropathy diabetes, dur-
ation (OR = 1.09, P < 0.001) and SD (OR = 1.03, P = 0.026) 
were independent risk factors (Table 3).

Macrovascular complications
Patients with macrovascular complications (n = 25 or 5%) 
were older (P  <  0.001), had a longer diabetes duration 
(P < 0.001), and a higher HbA1c (8.2 ± 0.8 vs 7.6 ± 0.9%, 
P  =  0.001) compared with those without macrovascular 
complications (Table 2). Logistic regression identified age 
(OR = 1.08, P = 0.003) and HbA1c (OR = 1.80, P = 0.044) 
as independent risk factors for composite macrovascular 
complications, but diabetes duration, duration of pump 
therapy, SD, CV, and TIR were not (Table 3).

Figure 2. Prevalence of complications versus percentage of time spent in optimal range (70-180 mg/dL or 3.9-10.0 mmol/L).
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Table 2. Comparison of individuals with or without complications 

No microvascular 
complications (n = 324)

Any microvascular com-
plication (n = 180)

P value

Gender (female) (%) 60% 57% NS
Age (y) 39.0 ± 11.9 47.5 ± 11.6 <0.001
Diabetes duration (y) 17.8 ± 9.6 30.5 ± 10.2 <0.001
Pump therapy (y) 4.7 (0 - 18.8) 5.3 (0 - 31.7) 0.040
BMI at start (kg/m²) 25.2 ± 3.7 25.6 ± 3.9 NS
HbA1c at start (%) 7.5 ± 0.9 7.8 ± 0.9 <0.001
Time in range after 2 wk (%) 63.9 ± 13.8 60.4 ± 12.3 0.022
Time < 50 mg/dL after 2 wk (%) 0.8 ± 1.3 0.7 ± 1.1 NS
Time < 70 mg/dL after 2 wk (%) 4.9 ± 4.0 4.0 ± 3.2 0.058
Time > 180 mg/dL after 2 wk (%) 30.3 ± 14.2 34.8 ± 13.1 0.005
Time > 250 mg/dL after 2 wk (%) 8.7 ± 7.8 9.8 ± 7.0 NS
Mean glucose after 2 weeks (mg/dL) 154 ± 24 163 ± 22 <0.001
Coefficient of variation after 2 wk (%) 38.6 ± 6.2 38.2 ± 6.2 NS
SD after 2 wk (mg/dL) 59.9 ± 12.7 62.4 ± 13.8 0.077

No macrovascular 
complications (n = 477)

Any macrovascular com-
plication (n = 25)

P value

Gender (female) (%) 59% 48% NS
Age (y) 41.3 ± 12.2 54.3 ± 11.0 <0.001
Diabetes duration (y) 21.7 ± 11.3 31.8 ± 11.8 <0.001
Pump therapy (y) 4.8 (0 - 31.7) 5.0 (0 - 15.8) NS
BMI at start (kg/m²) 25.3 ± 3.7 25.9 ± 4.4 NS
HbA1c at start (%) 7.6 ± 0.9 8.2 ± 0.8 0.001
Time in range after 2 wk (%) 63.0 ± 13.3 57.8 ± 14.3 NS
Time < 50 mg/dL after 2 wk (%) 0.8 ± 1.2 0.3 ± 0.6 NS
Time < 70 mg/dL after 2 wk (%) 4.7 ± 3.8 2.7 ± 1.8 0.037
Time > 180 mg/dL after 2 wk (%) 31.5 ± 13.9 38.4 ± 14.7 0.056
Time > 250 mg/dL after 2 wk (%) 8.9 ± 7.5 12.6 ± 7.8 0.053
Mean glucose after 2 wk (mg/dL) 157 ± 24 168 ± 21 0.059
Coefficient of variation after 2 wk (%) 38.4 ± 6.3 38.2 ± 3.8 NS
SD after 2 weeks (mg/dL) 60.5 ± 13.2 64.1 ± 10.3 NS

No hospitalization for hypo-
glycemia or DKA in the last 

year (n = 447)

Hospitalization for hypo-
glycemia or DKA in the 

last year (n = 57)

P value

Gender (female) (%) 59%  57% NS
Age (y) 42.3 ± 12.4 41.8 ± 13.2 NS
Diabetes duration (y) 22.1 ± 11.6 22.9 ± 11.5 NS
Pump therapy (y) 5.0 (0 - 20.3) 4.4 (0 - 31.7) NS
BMI at start (kg/m²) 25.4 ± 3.8 25.4 ± 3.8 NS
HbA1c at start (%) 7.6 ± 0.9 7.8 ± 0.9 0.031
Time in range after 2 wk (%) 63.6 ± 13.6 58.9 ± 11.3 0.022
Time < 50 mg/dL after 2 wk (%) 0.8 ± 1.1 0.6 ± 1.0 NS
Time < 70 mg/dL after 2 wk (%) 4.7 ± 3.8 3.7 ± 3.0 0.072
Time > 180 mg/dL after 2 wk (%) 30.8 ± 14.0 36.5 ± 12.5 0.007
Time > 250 mg/dL after 2 wk (%) 8.6 ± 7.6 10.8 ± 6.8 0.070
Mean glucose after 2 wk (mg/dL) 155 ± 25 164 ± 22 0.013
Coefficient of variation after 2 weeks (%) 38.4 ± 6.2 38.7 ± 5.4 NS
SD after 2 wk (mg/dL) 59.9 ± 13.4 63.5 ± 11.8 0.054

Data are expressed as mean ± SD, or as median (minimum-maximum), categorical data are expressed as number (n) with percentages (%). All P values < 0.1 are 
numerically reported.
Abbreviations: BMI, body mass index; DKA, diabetic ketoacidosis; NS, not significant. 
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Acute complications
Patients with hospitalizations because of hypoglycemia 
or ketoacidosis (n = 57 or 11%) had a higher HbA1c 
(7.8  ±  0.9 vs 7.6  ±  0.9%, P  =  0.031) and spent less 
TIR (58.9  ±  11.3 vs 63.6  ±  13.6%, P  =  0.022) com-
pared with those who were not hospitalized for hypo-
glycemia or ketoacidosis. Age, diabetes duration, and 
BMI were similar (Table 2). Logistic regression ana-
lysis only identified TIR (OR  =  0.97, P  =  0.021) as 
an independent risk factor for hospitalization from se-
vere hypoglycemia or ketoacidosis, but not HbA1c, SD 
and CV, age, diabetes duration, or duration of pump 
therapy (Table 3).

Discussion

Achieving near normoglycemia over a lifetime of diabetes 
while also trying to avoid hypoglycemia is a real challenge 
for people with T1D, but probably more feasible since 
the introduction of RT-CGM (2-10). Besides HbA1c, GV 
and times in different glucose ranges are an integral part 
of glucose homeostasis. Individualizing care on the basis 
of evolution of time in different ranges and GV could be 
an important aspect of precision medicine, certainly if high 
GV and/or low TIR would prove to independently con-
tribute to diabetes complications.

A link between TIR and chronic complications in T1D 
was recently suggested by a new analysis of the Diabetes 
Control and Complications Trial, derived from 7-point 
SMBG data collected 1  day every 3  months. A  10% 
lower TIR increased the hazard ratio for retinopathy 
progression by 64% and that for microalbuminuria by 
40% (26). Similar associations between microvascular 
complications and TIR were reported in a study in which 
3262 Chinese individuals with T2D were evaluated for 
diabetic retinopathy and used a retrospective CGM de-
vice for 3 consecutive days (28). The same group dem-
onstrated an association between carotid intima-media 
thickness and TIR in 2893 people with T2D using data 
from 3 days of blinded CGM. After adjustments for age, 
sex, BMI, diabetes duration, systolic blood pressure, 
lipids, smoking status, and the use of aspirin and statins, 
a TIR with the upper limit from 140-150 to 200 mg/
dL was statistically significantly related to abnormal ca-
rotid intima-media thickness and diabetic retinopathy 
(32). In yet another study of the same group, including 
6225 Chinese adults with T2D, a link between lower TIR 
(data based on 3 days of blinded CGM monitoring) and 
increased risk of all-cause and cardiovascular disease 
mortality was observed (33). However, the use of statins 
was very low, which might influence this relationship. In 
a Chinese study of 740 individuals with T2D, a higher 

Table 3. Logistic regression analysis for chronic and acute complications

Logistic regression analyses   B OR (95% CI) P value

Composite microvascular 
complications

Diabetes duration 0.11 1.12 (1.09-1.15) <0.001

 TIR -0.03 0.97 (0.95-0.99) 0.005
 age, duration of pump therapy, HbA1c, SD, and CV   NS
Nephropathy Diabetes duration 0.08 1.08 (1.05-1.12) <0.001
 HbA1c 0.5 1.65 (1.12-2.45) 0.012
 Age, duration of pump therapy, TIR, SD, and CV     NS
Retinopathy Diabetes duration 0.13 1.14 (1.11-1.18) <0.001
 TIR -0.04 0.96 (0.94-0.98) <0.001
 Age, duration of pump therapy, HbA1c, SD, and CV     NS
Neuropathy Diabetes duration 0.09 1.09 (1.06-1.13) <0.001
 SD 0.03 1.03 (1.004-1.06) 0.026
 Age, duration of pump therapy, HbA1c, TIR, and CV     NS
Composite macrovascular di-

sease
Age 0.08 1.08 (1.03-1.14) 0.003

 HbA1c 0.58 1.80 (1.02-3.14) 0.044
 Diabetes duration, duration of pump therapy, TIR, SD 

and CV
    NS

Hospitalization for severe hypo-
glycemia or DKA

TIR -0.03 0.97 (0.95-0.99) 0.021

 Age, diabetes duration, duration of pump therapy, 
HbA1c, SD, and CV

    NS

Abbreviations: CV, coefficient of variation; NS, not significant; TIR, time in range.
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TIR tertile was independently associated with better 
peripheral nerve function (34). However, these were all 
cross-sectional studies and the glucose profiles obtained 
in 3  days in an in-hospital setting may not necessarily 
reflect those experienced by the patient in the longer 
term and at home. In the study by Yoo et  al studying 
866 subjects with T2D using 3 to 6 days of CGM, mul-
tiple logistic regression analysis revealed that the OR of 
having albuminuria was 0.94 per 10% increase in TIR 
of 70 to 180 mg/dL after adjusting for multiple factors 
including glycemic variability, but it failed to stay signifi-
cant after further adjustment for HbA1c (27). In another 
study of 105 people with T2D wearing a CGM for two 
6-day periods, an association between TIR and distal 
peripheral neuropathy was noted (30). Data in people 
with T1D are scarce, but in a small study of 26 persons 
with T1D with albuminuria who were switched from 
multiple daily injection therapy to sensor augmented 
pump therapy improved TIR over 1 year was associated 
with reduced albuminuria, independent of HbA1c, blood 
pressure, and BMI (31).

In our study, individuals spending >70% TIR had a 
lower prevalence of retinopathy, neuropathy, and hospi-
talizations of hypoglycemia or DKA compared with those 
spending ≤70% TIR. We did not observe a link between 
TIR and nephropathy in contrast to the study of Ranjan 
et al (31), maybe because of differences in baseline HbA1c 
(9.0% vs 7.6%), age (51 vs 42 years) and diabetes duration 
(32 vs 22  years), differences in duration of CGM moni-
toring, and in number of people with microalbuminuria/
nephropathy and/or using renin-angiotensin-aldosterone 
system blockers (100% vs 10%).

More solid statistics such as logistic regression analyses 
point toward the importance of not only HbA1c and diabetes 
duration as independent risk markers for microvascular 
complications, but also to TIR and SD. For macrovascular 
complications, age and HbA1c were independent risk fac-
tors, but TIR, SD, and CV were not, probably because of 
the low number of people with macrovascular disease, al-
though a trend was seen. However, for hospitalizations 
from hypoglycemia or ketoacidosis, TIR was the most 
important factor. Indeed, TIR offers more information 
than HbA1c to guide diabetes management by improving 
insulin titration, thereby reducing both time below and 
above range. Furthermore, acutely deteriorating TIR points 
toward an underlying problem (less attention, illness, pur-
posively underdosing insulin) and poses an imminent risk. 
Thus, TIR and HbA1c provide different kinds of informa-
tion that is most evident in the context of hypoglycemia 
and high glycemic variability.

Glycemic variability, certainly long-term GV, as assessed 
by HbA1c variability, has been linked to microvascular 

complications (15-17). In a study of 1706 adolescents, the 
standard deviation of HbA1c since onset of diabetes was 
associated with risk of retinopathy, early nephropathy, 
and cardiac autonomic neuropathy, in addition to estab-
lished risk factors such as duration of diabetes, HbA1c, 
blood pressure, and lipids (15). A meta-analysis showed 
that HbA1c variability was positively associated with 
micro- and macrovascular complications and mortality 
independently of the HbA1c level (16). The underlying 
mechanisms for the observed associations between 
chronic complications and GV, irrespective of any sus-
tained hyperglycemia, are not clear. By triggering oxida-
tive stress, inducing inflammation, and evoking epigenetic 
changes short-lived hyperglycemic spikes may contribute 
to the development and progression of chronic complica-
tions (37).

HbA1c shows a strong association with incidence and 
progression of diabetic nephropathy despite that its ac-
curacy can be compromised by variables affecting red 
blood cell survival and other factors. CGM technology, 
in comparison, has the potential to use full glucose pro-
files, enabling a more definitive understanding of glucose 
variability and its role in diabetic kidney disease. Glycemic 
variability may be a contributing factor in the develop-
ment of diabetic kidney disease, but definite evidence is 
lacking (38).

A role for short-term GV in the development of 
chronic complications seems less obvious, with some 
studies reporting a link (18-20, 23) and others not (21, 
22, 24), but short-term and long-term GV do not indicate 
the same thing. Long-term GV is based on visit-to-visit 
measurements of HbA1c and/or fasting plasma glucose 
and partially reflects ambient hyperglycemia, correlating 
with mean blood glucose concentrations or mean HbA1c, 
whereas short-term GV expresses the potential risk of 
episodes of either acute hypoglycemia and/or hypergly-
cemia. A small cross-sectional study in 35 subjects with 
T1D and 33 with T2D using CGM for 3 days observed 
a link between SD, continuous overlapping net glycemic 
action (2-hour intervals), and high blood glucose index 
and retinopathy, but its significance was lost in multi-
variate analysis (18). In another study of 37 people 
with T1D undergoing 3 days of CGM, early structural 
damage of neuroretina was related to GV (19). In a 
study including 30 T1D subjects wearing a CGM device 
for 5  days, increased GV was found to correlate with 
retinal thinning on optical coherence tomography im-
aging, but its significance was lost after Bonferroni cor-
rection for multiple comparisons (23). In another small 
cross-sectional study of 32 subjects with T1D being moni-
tored with CGM for 12 to 14 days, those with micro-
vascular complications (abnormal vibration perception 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab688/6371790 by Endocrine Society M

em
ber Access 3 user on 09 O

ctober 2021



10  The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. XX, No. XX

threshold, microalbuminuria, abnormal fundoscopy) 
had higher GV but comparable HbA1c compared with 
those without microvascular complications (20).

Short-term GV and hypoglycemia risk have not been con-
sistently associated. In a group of 130 older subjects with 
T1D, those with a high CV (>36%) spent more time in hypo-
glycemia than those with low CV, despite the same HbA1c 
(29), but in another study glucose variability did not increase 
an individual’s risk of hypoglycemia (20). In our study, al-
though it is a bit counterintuitive, we also did not find a link 
between SD or CV and hypoglycemia risk. Furthermore, 
subjects with high glucose variability were not more at risk 
to be hospitalized for severe hypoglycemia and/or ketoacid-
osis. In our study, a higher SD was linked to neuropathy but 
CV did not appear to play an independent role with regard 
to the presence of acute or other chronic complications.

The association between short-term GV or TIR and dia-
betes complications is difficult to establish, however, with cur-
rently available data because of heterogeneity in study design, 
duration of diabetes of the cohort, and in the glucometrics 
used to evaluate GV. There are only a few studies in indi-
viduals with T1D, most studies had a cross-sectional design, 
were based on retrospective data, or were limited by using a 
snapshot of 4 to 7 SMBG measurements or by short time use 
of CGM, in contrast to the recommendation that CGM data 
from at least 10 to 14 days are needed (13, 33). Infrequent 
measurements might lead to erroneous data on TIR and GV.

We also investigated the evolution of TIR, CV, and SD 
over 24 months to assess how variable these parameters are. 
This and our previous study (8) indicate that CGM-derived 
glucometrics obtained from the first 2 weeks only show modest 
changes over a period of 24 months, suggesting that they re-
main quite stable in subjects treated with sensor-augmented 
pump therapy, who already had a quite good metabolic con-
trol at baseline. However, we cannot exclude that the greatest 
benefit already happened within the first 2 weeks.

Our study has some limitations. Although we collected 
CGM data over a period of 24 months, allowing us to draw 
conclusions on the evolution/stability of GV and TIR, the 
association between TIR and GV parameters vs compli-
cations was based on a cross-sectional analysis of CGM-
derived glucometrics from the first 2 weeks of RT-CGM 
use after start of reimbursement, which does not allow 
for any assessment of the temporal/causal relationship. 
Long-term studies will be necessary to provide compel-
ling evidence. However, this will take many years (at least 
10 years) and be costly. It is also unethical to randomize 
subjects to high vs low TIR and/or GV. Nevertheless, our 
detailed data provide a strong hint toward the utility of 
TIR as a surrogate risk marker for acute and chronic com-
plications. Based on these large observational data, we be-
lieve that an increase of time spent in range, which may 

become feasible for a larger population of people with 
T1D with the advent of hybrid closed loop and artificial 
pancreas systems, will result in a decrease in both acute 
and chronic complications.

Although we did assess the relationship between 
glucometrics and complications, we did not take into 
account confounding factors such as smoking, lipids, blood 
pressure, or use of cardioprotective agents and we also 
did not perform time-to-event analyses. These will be per-
formed in future studies.

As per consensus, we used 70% TIR as a target but 
did not analyze whether these findings apply to high-risk 
individuals, in whom 50% TIR has been proposed (12). 
The incentive of lowering the target to 50% time in 
range is an elevated risk for hypoglycemia in a high-risk 
and/or older population (although evidence regarding 
TIR for older and/or high-risk individuals is lacking). 
However, because we analyzed a population using sensor-
augmented pump therapy, the risk of hypoglycemia has 
been reduced significantly by this treatment modality, 
even though 47% had self-reported hypoglycemia un-
awareness. As shown in Figure 1, the Time < 70 mg/dL 
decreased from 3.8% in the first 2 weeks to 2.9% after 
24 months, both achieving the target of Time < 70 mg/
dL of <4%. In addition, the mean age of our population 
was 42.2 ± 12.5 years, and no frail person participated 
in this trial. For all these reasons, we did not calculate 
separate TIR target achievement (>50%) for a high-risk 
and/or older population.

The strengths of our study include the size and de-
tailed characterization of our cohort of people with T1D 
and the use of RT-CGM, which allowed us to have a 
complete picture of glucose values in contrast to pre-
vious studies using either SMBG or only a couple of 
days of CGM. This increases the power of this study. 
Furthermore, we collected CGM data over a 2-year 
period, which is longer than most other studies col-
lecting 6- or 12-month data, enabling us to interpret the 
long-term glucometric results.

In conclusion, in T1D subjects treated with sensor-
augmented pump therapy, TIR was independently as-
sociated with the presence of composite microvascular 
complications, retinopathy, and with hospitalizations re-
sulting from hypoglycemia or ketoacidosis. A  higher SD 
was linked to neuropathy. TIR, SD, and CV did not show a 
link with macrovascular complications.

Acknowledgments
The authors thank the data nurses, the local investigators, and 

their teams for monitoring the patients, completing the case re-
porting files, and collecting data. Parts of this study were orally 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab688/6371790 by Endocrine Society M

em
ber Access 3 user on 09 O

ctober 2021



The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. XX, No. XX 11

presented at the 56th Annual Meeting (virtual meeting) of the 
European Association for the Study of Diabetes (EASD), Vienna, 
Austria, 21-25 September 2020.

Funding: No funding was available.
Author Contributions: A.E.M., M.V.E., S.C., and P.G.  col-

lected and analyzed the data, performed statistical analyses, 
and wrote the manuscript. A.E.M., M.V.E., and C.D.B.  made 
figures and tables. C.D.B. designed the study, collected and ana-
lyzed and discussed the data, and wrote the manuscript. E.D., 
K.L., B.K., L.C., R.R., Y.T., C.V., F.N., and C.M. collected and 
discussed the data and edited the manuscript. A.E.M., M.V.E., 
S.C., P.G., and C.D.B. are the guarantors of this work and, as 
such, had full access to all the data in the study and take re-
sponsibility for the integrity of the data and accuracy of the 
data analysis.

Clinical Trial Registration: ClinicalTrials.gov (NCT02601729).

Additional Information
Correspondence: Christophe De Block, MD PhD, Departement 

of Endocrinology-Diabetology-Metabolism, Antwerp University 
Hospital, Drie Eikenstraat 655, 2650 Edegem, Belgium. Email: 
christophe.deblock@uantwerpen.be.

Disclosure Summary: S.C. received travel grants from Medtronic 
and Roche. C.D.B. reports consulting fees and honoraria for speak-
ing for Abbott, AstraZeneca, Boehringer-Ingelheim, A.  Menarini 
Diagnostics, Eli Lilly, Medtronic, Novo Nordisk, and Roche. 
F.N.  reports consulting fees and honoraria for speaking from 
Abbott, AstraZeneca, Boehringer-Ingelheim, Eli Lilly, Johnson and 
Johnson, Medtronic, Merck Sharp and Dohme, Novo Nordisk, 
Roche, and Sanofi-Aventis. Y.T reports consulting fees and hon-
oraria for speaking from AstraZeneca, Boehringer-Ingelheim, Eli 
Lilly, and Johnson. C.V. reports consulting and speaking fees from 
Medtronic, Boehringer Ingelheim, Astra Zeneca, and Sanofi Aventis. 
C.M.  serves on the advisory panel for Novo Nordisk, Sanofi-
Aventis, Merck Sharp and Dohme, Eli Lilly, Novartis, AstraZeneca, 
Boehringer-Ingelheim, Roche, Medtronic, ActoBio Therapeutics, 
Pfizer, and Zealand Pharma. Financial compensation for these ac-
tivities has been received by KU Leuven; KU Leuven has received 
research support for C.M. from Medtronic, Novo Nordisk, Sanofi-
Aventis, Merck Sharp and Dohme, Eli Lilly, Roche, Abbott, ActoBio 
Therapeutics, and Novartis; C.M.  serves on the speakers bureau 
for Novo Nordisk, Sanofi-Aventis, Merck Sharp and Dohme, Eli 
Lilly, Boehringer-Ingelheim, AstraZeneca, and Novartis. Financial 
compensation for these activities has been received by KU Leuven. 
P.G. serves on the advisory panel for Novo Nordisk, Sanofi-Aventis, 
Boehringer-Ingelheim, Janssen Pharmaceuticals, Roche, Medtronic, 
and Bayer. Financial compensation for these activities has been re-
ceived by KU Leuven. P.G. serves on the speakers bureau for Merck 
Sharp and Dohme, Boehringer-Ingelheim, Bayer, Medtronic, Abbott, 
and Roche. Financial compensation for these activities has been re-
ceived by KU Leuven. KU Leuven received for P.G.  nonfinancial 
support for travel from Sanofi-Aventis, A.  Menarini Diagnostics, 
Medtronic, and Roche. All disclosures were unrelated to the present 
work. L.C., R.R., and B.K. have nothing to disclose. None are dir-
ectly linked to this manuscript.

Data Availability: Some or all datasets generated during and/
or analyzed during the current study are not publicly available 
but are available from the corresponding author on reasonable 
request.

Appendix: List of Reimbursement Study of 
Continuous Glucose Monitoring in Belgium 
investigators (in alphabetical order)

Charleer Sara, PhD University Hospitals Leuven—
KU Leuven, Leuven

Crenier Laurent, MD, PhD Hôpital Erasme, Brussels
De Block Christophe, MD, PhD University Hospital Antwerp, 

Edegem
Gillard Pieter, MD, PhD University Hospitals Leuven—

KU Leuven, Leuven
Hermans Michel, MD, PhD Cliniques Universitaires 

St-Luc, Brussels
Keymeulen Bart, MD, PhD University Hospital Brussels, 

Brussels
Lowyck Ine, MD Ziekenhuis Oost-Limburg, 

Genk
Mathieu Chantal, MD, PhD University Hospitals Leuven—

KU Leuven, Leuven
Mullens Annelies, MD Jessa Ziekenhuis, Hasselt
Nobels Frank, MD, PhD OLV Hospital, Aalst
Radermecker Regis P, MD, PhD CHU Liège, Liege
Scarnière Denis, MD Grand Hôpital de Charleroi, 

Charleroi
Spincemaille Katrien, MD AZ Delta, Roeselare
Strivay Marie, MD CHR la Citadelle Liège, Liege
T’Sjoen Guy, MD, PhD University Hospital Ghent, 

Ghent
Taes Youri, MD, PhD AZ Sint-Jan, Bruges
Vercammen Chris, MD Imelda Hospital, Bonheiden
Weber Eric, MD Cliniques du Sud Luxem-

bourg—Vivalia, Arlon

References
 1. Nathan DM, Cleary PA, Backlund JY, et al.; Diabetes Control and 

Complications Trial/Epidemiology of Diabetes Interventions and 
Complications (DCCT/EDIC) Study Research Group. Intensive 
diabetes treatment and cardiovascular disease in patients with 
type 1 diabetes. N Engl J Med. 2005;353(25):2643-2653.

 2. Bergenstal  RM, Tamborlane  WV, Ahmann  A, et  al.; STAR 3 
Study Group. Effectiveness of sensor-augmented insulin-pump 
therapy in type 1 diabetes. N Engl J Med. 2010;363(4):311-320.

 3. Heinemann  L, Freckmann  G, Ehrmann  D, et  al. Real-time 
continuous glucose monitoring in adults with type 1 dia-
betes and impaired hypoglycaemia awareness or severe hypo-
glycaemia treated with multiple daily insulin injections 
(HypoDE): a multicentre, randomised controlled trial. Lancet. 
2018;391(10128):1367-1377.

 4. van  Beers  CA, DeVries  JH, Kleijer  SJ, et  al. Continuous glu-
cose monitoring for patients with type 1 diabetes and impaired 
awareness of hypoglycaemia (IN CONTROL): a random-
ised, open-label, crossover trial. Lancet Diabetes Endocrinol. 
2016;4(11):893-902.

 5. Bosi E, Choudhary P, de Valk HW, et al.; SMILE Study Group. 
Efficacy and safety of suspend-before-low insulin pump tech-
nology in hypoglycaemia-prone adults with type 1 diabetes 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab688/6371790 by Endocrine Society M

em
ber Access 3 user on 09 O

ctober 2021

mailto:christophe.deblock@uantwerpen.be?subject=


12  The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. XX, No. XX

(SMILE): an open-label randomised controlled trial. Lancet 
Diabetes Endocrinol. 2019;7(6):462-472.

 6. Šoupal  J, Petruželková  L, Grunberger  G, et  al. Glycemic 
Outcomes in Adults With T1D Are Impacted More by 
Continuous Glucose Monitoring Than by Insulin Delivery 
Method: 3 Years of Follow-Up From the COMISAIR Study. 
Diabetes Care. 2020;43(1):37-43.

 7. Charleer  S, Mathieu  C, Nobels  F, et  al.; RESCUE Trial 
Investigators. Effect of continuous glucose monitoring on gly-
cemic control, acute admissions, and quality of life: a real-world 
study. J Clin Endocrinol Metab. 2018;103(3):1224-1232.

 8. Charleer  S, De  Block  C, Nobels  F, et  al.; RESCUE Trial 
Investigators. Sustained impact of real-time continuous glu-
cose monitoring in adults with type 1 diabetes on insulin pump 
therapy: results after the 24-month RESCUE study. Diabetes 
Care. 2020;43(12):3016-3023.

 9. Maiorino MI, Signoriello S, Maio A, et al. Effects of continuous 
glucose monitoring on metrics of glycemic control in diabetes: a 
systematic review with meta-analysis of randomized controlled 
trials. Diabetes Care. 2020;43(5):1146-1156.

 10. De Ridder F, den Brinker M, De Block C. The road from intermit-
tently scanned continuous glucose monitoring to hybrid closed-
loop systems. Part B: results from randomized controlled trials. 
Ther Adv Endocrinol Metab. 2019;10:2042018819871903.

 11. Beck RW, Connor CG, Mullen DM, Wesley DM, Bergenstal RM. 
The fallacy of average: how using HbA1c alone to assess glycemic 
control can be misleading. Diabetes Care. 2017;40(8):994-999.

 12. Battelino  T, Danne  T, Bergenstal  RM, et  al. Clinical targets 
for continuous glucose monitoring data interpretation: recom-
mendations from the International Consensus on Time in Range. 
Diabetes Care. 2019;42(8):1593-1603.

 13. Beck RW, Bergenstal RM, Cheng P, et al. The relationships be-
tween time in range, hyperglycemia metrics, and HbA1c. J 
Diabetes Sci Technol. 2019;13(4):614-626.

 14. Kilpatrick ES, Rigby AS, Atkin SL. A1C variability and the risk 
of microvascular complications in type 1 diabetes: data from 
the Diabetes Control and Complications Trial. Diabetes Care. 
2008;31(11):2198-2202.

 15. Virk  SA, Donaghue  KC, Cho  YH, et  al. Association between 
HbA1c variability and risk of microvascular complications 
in adolescents with type 1 diabetes. J Clin Endocrinol Metab. 
2016;101(9):3257-3263.

 16. Gorst  C, Kwok  CS, Aslam  S, et  al. Long-term glycemic vari-
ability and risk of adverse outcomes: a systematic review and 
meta-analysis. Diabetes Care. 2015;38(12):2354-2369.

 17. Smith-Palmer  J, Brändle  M, Trevisan  R, Orsini  Federici  M, 
Liabat S, Valentine W. Assessment of the association between gly-
cemic variability and diabetes-related complications in type 1 and 
type 2 diabetes. Diabetes Res Clin Pract. 2014;105(3):273-284.

 18. Sartore  G, Chilelli  NC, Burlina  S, Lapolla  A. Association be-
tween glucose variability as assessed by continuous glucose 
monitoring (CGM) and diabetic retinopathy in type 1 and type 
2 diabetes. Acta Diabetol. 2013;50(3):437-442.

 19. Picconi F, Parravano M, Ylli D, et al. Retinal neurodegeneration 
in patients with type 1 diabetes mellitus: the role of glycemic 
variability. Acta Diabetol. 2017;54(5):489-497.

 20. Šoupal  J, Škrha  J Jr, Fajmon  M, et  al. Glycemic variability is 
higher in type 1 diabetes patients with microvascular compli-
cations irrespective of glycemic control. Diabetes Technol Ther. 
2014;16(4):198-203.

 21. Kilpatrick ES, Rigby AS, Atkin SL. The effect of glucose vari-
ability on the risk of microvascular complications in type 1 dia-
betes. Diabetes Care. 2006;29(7):1486-1490.

 22. Kilpatrick ES, Rigby AS, Atkin SL. Effect of glucose variability 
on the long-term risk of microvascular complications in type 1 
diabetes. Diabetes Care. 2009;32(10):1901-1903.

 23. Stem  MS, Dunbar  GE, Jackson  GR, Farsiu  S, Pop-Busui  R, 
Gardner TW. Glucose variability and inner retinal sensory neur-
opathy in persons with type 1 diabetes mellitus. Eye (Lond). 
2016;30(6):825-832.

 24. Peña AS, Couper JJ, Harrington J, et al. Hypoglycemia, but not 
glucose variability, relates to vascular function in children with 
type 1 diabetes. Diabetes Technol Ther. 2012;14(6):457-462.

 25. Hirsch  IB, Brownlee  M. Should minimal blood glucose vari-
ability become the gold standard of glycemic control? J Diabetes 
Complications. 2005;19(3):178-181.

 26. Beck RW, Bergenstal RM, Riddlesworth TD, et al. Validation of 
time in range as an outcome measure for diabetes clinical trials. 
Diabetes Care. 2019;42(3):400-405.

 27. Yoo JH, Choi MS, Ahn J, et al. Association between continuous 
glucose monitoring-derived time in range, other core metrics, 
and albuminuria in type 2 diabetes. Diabetes Technol Ther. 
2020;22(10):768-776.

 28. Lu  J, Ma  X, Zhou  J, et  al. Association of time in range, 
as assessed by continuous glucose monitoring, with dia-
betic retinopathy in type 2 diabetes. Diabetes Care. 
2018;41(11):2370-2376.

 29. Toschi E, Slyne C, Sifre K, et al. The relationship between CGM-
derived metrics, A1C, and risk of hypoglycemia in older adults 
with type 1 diabetes. Diabetes Care. 2020;43(10):2349-2354.

 30. Mayeda L, Katz R, Ahmad I, et al. Glucose time in range and 
peripheral neuropathy in type 2 diabetes mellitus and chronic 
kidney disease. BMJ Open Diab Res Care 2020; 8:991.

 31. Ranjan AG, Rosenlund SV, Hansen TW, Rossing P, Andersen S, 
Nørgaard  K. Improved time in range over 1  year is associ-
ated with reduced albuminuria in individuals with sensor-
augmented insulin pump-treated type 1 diabetes. Diabetes Care. 
2020;43(11):2882-2885.

 32. Lu J, Home PD, Zhou J. Comparison of multiple cut points for 
time in range in relation to risk of abnormal carotid intima-
media thickness and diabetic retinopathy. Diabetes Care. 
2020;43(8):e99-e101.

 33. Lu  J, Wang  C, Shen  Y, et  al. Time in range in relation to 
all-cause and cardiovascular mortality in patients with 
type 2 diabetes: a prospective cohort study. Diabetes Care. 
2021;44(2):549-555.

 34. Li F, Zhang Y, Li H, et al. TIR generated by continuous glucose 
monitoring is associated with peripheral nerve function in type 
2 diabetes. Diabetes Res Clin Pract. 2020;166:108289.

 35. Monnier L, Colette C, Wojtusciszyn A, et al. Toward defining the 
threshold between low and high glucose variability in diabetes. 
Diabetes Care. 2017;40(7):832-838.

 36. Danne T, Nimri R, Battelino T, et  al. International Consensus 
on Use of Continuous Glucose Monitoring. Diabetes Care. 
2017;40(12):1631-1640.

 37. Ceriello A, Monnier L, Owens D. Glycaemic variability in dia-
betes: clinical and therapeutic implications. Lancet Diabetes 
Endocrinol. 2019;7(3):221-230.

 38. Subramanian  S, Hirsch  IB. Diabetic kidney disease: is there a 
role for glycemic variability? Curr Diab Rep. 2018;18(3):13.

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgab688/6371790 by Endocrine Society M

em
ber Access 3 user on 09 O

ctober 2021


