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OBJECTIVE

To investigate glucose variations associated with glycated hemoglobin (HbA1c) in
insulin-treated patients with type 2 diabetes.
RESEARCH DESIGN AND METHODS

Patients included in Diabetes and Lifestyle Cohort Twente (DIALECT)-2 (n = 79)
were grouped into three HbA1c categories: low, intermediate, and high (#53,
54–62, and $63 mmol/mol or #7, 7.1–7.8, and $7.9%, respectively). Blood glucose time in range (TIR), time below range (TBR), time above range (TAR), glucose
variability parameters, day and night duration, and frequency of TBR and TAR
episodes were determined by continuous glucose monitoring (CGM) using the
FreeStyle Libre sensor and compared between HbA1c categories.
1

RESULTS

CGM was performed for a median (interquartile range) of 10 (7–12) days/patient.
TIR was not different for low and intermediate HbA1c categories (76.8%
[68.3–88.2] vs. 76.0% [72.5.0–80.1]), whereas in the low category, TBR was higher
and TAR lower (7.7% [2.4–19.1] vs. 0.7% [0.3–6.1] and 8.2% [5.7–17.6] vs. 20.4%
[11.6–27.0], respectively; P < 0.05). Patients in the highest HbA1c category had
lower TIR (52.7% [40.9–67.3]) and higher TAR (44.1% [27.8–57.0]) than the other
HbA1c categories (P < 0.05), but did not have less TBR during the night. All
patients had more (0.06 ± 0.06/h vs. 0.03 ± 0.03/h; P = 0.002) and longer (88.0
[45.0–195.5] vs. 53.4 [34.4–82.8] minutes; P < 0.001) TBR episodes during the
night than during the day.
CONCLUSIONS

In this study, a high HbA1c did not reduce the occurrence of nocturnal hypoglycemia, and low HbA1c was not associated with the highest TIR. Optimal personalization of glycemic control requires the use of newer tools, including CGM-derived
parameters.

Glycated hemoglobin (HbA1c), the clinical accepted standard for monitoring glycemic control, has a linear correlation with average blood glucose concentration of
the past 2 to 3 months and is a useful tool to monitor long-term glycemic control
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in people with diabetes (1). Prevention
of microvascular complications, which
are related to chronic hyperglycemia, is
a major treatment goal. In both type 1
and in type 2 diabetes, there is a clear
relationship between HbA1c and the risk
of microvascular complications (2,3).
The risk of developing such complications is limited when the HbA1c is 53
mmol/mol (7.0%) or lower, corresponding with an approximate mean blood
glucose concentration of 8.6 mmol/L
(4,5). However, the use of HbA1c has
important limitations. First, its assessment does not contribute to reduction
of hypoglycemic episodes, the second
aim of glycemic regulation. This is especially relevant in people treated with
insulin, as lower HbA1c may be accompanied by an increased risk of hypoglycemia (6).
Second, HbA1c does not reﬂect blood
glucose ﬂuctuations. For day-to-day glucose regulation, and in particular minimizing hypoglycemic episodes, patients
perform self-monitoring. However, selfmonitoring provides, at best, one to
seven measurements per day, and a
large part of the glucose ﬂuctuations
remains unknown (7,8). Consequently,
individualized HbA1c target levels are
applied without actual conﬁrmation
that, for example, a permitted higher
HbA1c translates in a reduction of time
spent in hypoglycemia (9).
Currently, continuous glucose monitoring (CGM) technology, either realtime or intermittently viewed (iCGM), is
becoming available for an increasing
number of patients, also with type 2
diabetes. In the Netherlands, for example, iCGM is reimbursed by insurance
companies for patients on multiple daily
injection therapy with insulin. So far,
CGM technology is primarily used to act
on day-to-day variations. However, it
would be logical to also continuously
capture the data generated with this
technology and to translate these into
relevant parameters for evaluation of
long-term glycemic control in clinical
practice. Such parameters have been
evaluated previously in a research setting using classic real-time CGM technology in patients with type 1 diabetes
(i.e., a highly selected population)
(10,11). The main parameter derived
from CGM is the time in range (TIR),
usually deﬁned as the percentage of
time per day spent within glucose range
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3.9–10.0 mmol/L (12). As sensor techniques are becoming more available to
broader populations, including patients
with type 2 diabetes, evaluation of TIR
may become a main parameter to guide
blood glucose regulation in clinical practice. In addition to TIR, there are other
relevant parameters (i.e., time below
range [TBR], time above range [TAR],
glucose variability measures, and data
for glucose metrics reported in sleep
and wake time blocks), all adding to a
complete picture of glycemic control
(12,13).
In this study, we investigated the glucose variations behind HbA1c in a realworld setting in insulin-treated patients
with type 2 diabetes. We investigated
the differences in TIR, TBR, and TAR
between different HbA1c categories
used in clinical practice, and we investigated whether there are differences in
glucose variability. Because hypo- and
hyperglycemic episodes are of special
interest, we also evaluated the frequency, duration, and start time of the
TBR and TAR episodes in different
HbA1c categories. Furthermore, we analyzed which patient characteristics are
related to TIR, TBR, or TAR.
RESEARCH DESIGN AND METHODS
Patient Inclusion

For this study, we selected all patients
treated with insulin included in the Diabetes and Lifestyle Cohort Twente (DIALECT)-2 between March 2017 and May
2019. DIALECT is an observational study
in adult patients with type 2 diabetes
who are treated in the Ziekenhuisgroep
Twente Hospital, Almelo and Hengelo,
the Netherlands. The only exclusion criteria were end-stage kidney disease and
inability to understand the informed consent procedure. The study consists of
two subcohorts, DIALECT-1 and DIALECT2. The study procedures of DIALECT-1
have been described in detail previously
(14). In DIALECT-2, the data collection is
more extensive and includes iCGM registration, as detailed below. The study was
performed in accordance with the Declaration of Helsinki and the guidelines
of good clinical practice. It has been
approved by the local institutional
review boards (METC-registration numbers NL57219.044.16 and 1009.68020)
and is registered in the Netherlands Trial
Register (https://www.trialregister.nl, trial

code NTR5855). Prior to participation, all
patients signed informed consent.
Baseline Data

DIALECT-2 consisted of three hospital
visits in a period of 2 weeks. Information about medical condition and medication was obtained from electronic
patient ﬁles and veriﬁed with the
patient. Information about smoking and
diet was collected through questionnaires. Anthropometric measurements
and presence of diabetic polyneuropathy were obtained by physical examination. Polyneuropathy was assessed by
touch test (Semmes-Weinstein monoﬁlament) and vibration sense test (VibraTip). Fat percentage and predicted
muscle mass were determined by bioimpedance using the noninvasive Tanita
BC418MA (15). Venous blood samples
were taken, and blood pressure was
measured (Dinamap; GE Medical Systems, Milwaukee, WI).
CGM-Derived Parameters

iCGM data were collected using a FreeStyle Libre sensor (Abbott Diabetes
Care, Alameda, CA), applied to the
patient’s upper arm. The sensor measures individual glucose levels at 15-min
intervals for 2 weeks and can store up
to 8 h of data. Using the FreeStyle Libre
reader, blinded for the patients with a
custom-made three-dimensional printed
case, the data were stored. Data from
the reader were uploaded in MATLAB
(2019a; The MathWorks, Inc., Natick,
MA). Patients’ data were considered
valid when $3 days of measurements,
each with $90% of data, were available. The TIR, TAR, and TBR (percent
and minutes) were calculated based
on the target glycemic range deﬁned
between 3.9 and 10.0 mmol/L. TBR and
TAR were subclassiﬁed. Level 1 TBR
(TBR1) ranges from 3.0 to 3.9 mmol/L,
and level 2 TBR (TBR2) represents values
<3.0 mmol/L. Level 1 TAR (TAR1) ranges
from 10.0 to 13.9 mmol/L and level 2
TAR (TAR2) represents values >13.9
mmol/L (12,16).
SD (in millimoles per liter) and coefﬁcient of variation (CV; in percent) were
calculated as standard glycemic variability parameters. Whereas SD reﬂects the
spread around the average, the CV is
the SD divided by the mean, providing a
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normalized glucose variability reducing
inﬂuence of the mean value.
Low blood glucose index (LBGI) and
high blood glucose index (HBGI) were
calculated to provide an index for the
severity of hypo- and hyperglycemic episodes with a single positive number
(7,17). These indices have been speciﬁcally developed to be sensitive for only
the hypo- (LBGI) or hyperglycemic range
(HBGI) and ignore the respective ﬂuctuations in the opposite direction.
For the hypo- and hyperglycemic episodes, the starting time and the median
duration of each TBR and TAR episode
were determined. The starting time
is deﬁned to identify whether it is
an episode started during the day
(6:00–12:00 A.M.) or during the night
(12:00–6:00 A.M.) (12). To enable comparison between day and night, the average
number of TBR and TAR episodes for the
day and night were calculated per hour
(number per hour), as the nighttime is
shorter (6 h) than daytime (18 h).
Data Analysis

To evaluate whether CGM-derived parameters differ according to HbA1c, the patients
were divided into three commonly applied
HbA1c categories: HbA1c #53 mmol/
mol (7.0% [HbA1c #53]), HbA1c of 54–62
mmol/mol (7.1–7.8% [HbA1c 54–62]), and
HbA1c $63 mmol/mol (7.9% [HbA1c $63])
(18–22). In addition, we determined for
each HbA1c category how many patients
fulﬁlled the criteria of having TIR >70%,
while TBR should remain <5%, and severe
hypoglycemia should be <1%, as these
were previously suggested for optimal prevention of diabetes complications (13).
Statistical Analysis

Statistical analyses to determine differences of TIR, TBR, TAR, CV, SD, LBGI,
and HBGI between the HbA1c groups
and differences between day and night
were performed using MATLAB. Normally distributed variables (assessed by
visual inspection of frequency histograms) were presented as mean ± SD,
skewed variables as median (interquartile range [IQR]), and dichotomous
variables as numbers (percentage). Differences among the three HbA1c groups
were tested with one-way ANOVA test
with post hoc Tukey honest signiﬁcant
difference (normally distributed parameters), with Kruskal-Wallis test with post
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hoc Tukey honest signiﬁcant difference
(skewed distribution) or x2 test (categorical parameters). Holm–Bonferroni corrections were applied for secondary analyses
to reduce the risk of type I error with the
threshold set at a = 0.05. Best ﬁt regression analyses with 95% prediction intervals and R2 were calculated to determine
the relationship of HbA1c to TIR, TAR, and
TBR. Differences between day and night
were compared using the Student t test
for the number of TBR and TAR episodes
and the Mann-Whitney U test for the
duration of the episodes. To give visual
insight in the amount of the episodes
during the day, the hours of the day
parameters were plotted in circular (24-h)
histograms.
Univariate analysis among TIR, TBR,
and TAR (%) and the potentially contributing variables were evaluated with
IBM SPSS Statistics for Windows, version 24 (IBM Corp., Armonk, NY) using
Pearson or Spearman correlation coefﬁcients as appropriate. The tested potentially contributing variables were age,
sex, diabetes duration, BMI, fat percentage, predicted muscle mass, waist-tohip ratio, systolic blood pressure, diastolic blood pressure, heart rate, alcohol
intake, pack-years (if current or former
smoker), and presence of microvascular
disease or macrovascular disease. Variables with a P level <0.15 were selected.
Multiple linear regression analyzes for
the association among TIR, TAR, TBR,
and the selected variables were carried
out, making three models, one each for
TIR, TAR, and TBR. The variables were
backward removed from the model
when P was >0.05, starting with the
highest P value. Variables that were
skewed were transformed before the linear regression analysis was carried out.
RESULTS
Patient Characteristics

In the selected period, 87 patients were
included in the DIALECT-2 cohort. A
total of 79 of these patients fulﬁlled the
inclusion criteria. Reasons for exclusion
were “missing iCGM data” (n = 2), and
“no 3 days with at least 90% data” (n =
8). Of the included patients, a median
(IQR) of 10 (7–12) days with a minimum
of 90% iCGM data were available for
analysis. Of all patients, 21 had an
HbA1c #53 mmol/mol (#7.0%), 22
had an HbA1c of 54–62 mmol/mol

(7.1–7.8%), and 36 had an HbA1c $63
mmol/mol ($7.9%) (Table 1). Mean age
was 67 ± 10 years, and 54% of the
patients were men. Mean diabetes
duration was 17 ± 10 years and mean
BMI was 31.6 ± 4.5 kg/m2. The prevalence of long-term diabetes-related
complications was high. Overall, approximately two-thirds of the patients had
microvascular complications. The proportion of patients with microvascular
complications increased gradually, but
without statistical signiﬁcance, across
the HbA1c categories. Slightly over onethird of the patients had macrovascular
disease, which was not statistically different across the HbA1c categories. Only
smoking behavior was statistically different among the HbA1c groups, with highest pack-years in the HbA1c #53 group.
TIR Across HbA1c Categories

The distribution of time spent in different
ranges of blood glucose across the three
HbA1c categories is shown in Fig. 1. As
expected, TBR decreased progressively
across increasing HbA1c categories,
whereas TAR increased progressively. All
three glucose range variables (i.e., TIR,
TBR, and TAR) differed signiﬁcantly
between the two extreme HbA1c categories (HbA1c #53 76.8% [68.3–88.2],
7.6% [2.4–19.1], and 8.2% [5.7–17.6] vs.
HbA1c $63 52.7 [40.9–67.3], 1.8% [0–5.6],
and 44.1% [27.8–57.0], respectively; all
P < 0.05).
Interestingly, Fig. 1 shows that the
mean TIR was not different between the
ﬁrst two categories (76.8% [68.3–88.2] vs.
76.0% [72.4–80.1]; P = 0.84). However,
patients in the lowest HbA1c category
spent more TBR than patients in the
intermediate category. This was the case
for both degrees of severity of TBR (TBR1
is 5.5% [1.9–11.8] and TBR2 is 2.2%
[0–7.8] in HbA1c #53 vs. TBR1 is 0.7%
[0.3–4.3] and TBR2 is 0% [0–2.5] in
HbA1c 54–62; both P < 0.05). For TAR, the
reverse was true: patients in the intermediate category spent more in TAR than
patients in the lowest HbA1c category.
This applied to both degrees of severity
of TAR (TAR1 is 7.9 [5.6–15.7] and TAR2 is
0.3 [0–1.9] in HbA1c #53 vs. TAR1 is 18.8
[11.4–23.7] and TAR2 is 1.7 [0.5–4.6] in
HbA1c 54–62; both P < 0.05). With respect
to differences between the intermediate
and high HbA1c categories, TIR, TAR1, and
TAR2 differed signiﬁcantly (TIR is 76.8
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Table 1—Clinical characteristics of the total population and according to HbA1c categories
Characteristic

N

Number of patients, n
Age, years

79

Total population

HbA1c

#53

HbA1c

54–62

HbA1c

$63

79 (100)

21 (26.6)

22 (27.8)

36 (46.6)

67 ± 10

67 ± 8

68 ± 10

68 ± 11

P

0.94

Sex, n of men

79

43 (54)

13 (62)

14 (64)

16 (44)

0.10

Diabetes duration, years

79

17 ± 10

14.2 ± 12.0

17.4 ± 8.8

18.1 ± 10.2

0.39

BMI, kg/m2

78

31.6 ± 4.5

30.7 ± 4.3

31.5 ± 4.9

32.2 ± 4.4

0.48

Basal regimen, n

79

23 (29)

7 (33)

4 (18)

12 (33)

0.18

Basal bolus/plus regimen, n

79

34 (43)

8 (38)

9 (41)

17 (47)

0.48

Mixed regimen, n

79

14 (18)

4 (19)

6 (27)

4 (11)

0.12

Bolus only regimen, n

79

8 (10)

2 (10)

3 (14)

3 (8)

0.51

Total daily units of insulin, units/day

79

64 ± 41

54 ± 40

56 ± 33

74 ± 44

0.11

Metformin, n

79

59 (75)

15 (71)

18 (82)

26 (72)

0.36

Sulfonylureas, n

79

13 (16)

3 (14)

4 (18)

6 (17)

0.73

Fat percentage, %

74

34.8 ± 9.0

33.5 ± 8.6

32.3 ± 8.4

36.9 ± 9.3

0.14

Predicted muscle mass, kg

75

55.0 ± 13.2

55.3 ± 8.4

55.2 ± 15.3

54.7 ± 14.4

0.99

Waist-to-hip ratio

79

1.00 ± 0.07

1.0 ± 0

1.0 ± 0.1

1.0 ± 0.1

0.38

SBP, mmHg

78

127 ± 13

123.0 ± 12.0

129.3 ± 9.5

127.3 ± 14.8

0.27

DBP, mmHg

78

73 ± 10

70.8 ± 9.1

76.2 ± 8.7

71.3 ± 11.7

0.15

Heart rate, bpm

76

73 ± 12

71.8 ± 12.0

72.6 ± 10.6

73.2 ± 12.7

0.91

Alcohol intake, units/month

78

2 (0–24)

0 (0–20)

7.5 (0–42)

2 (0–8)

0.22

Pack-years, packs/day  year

72

6 (0–22)

14 (0–62)

9 (0–16.5)

0 (0–18.5)

0.049

Microvascular disease, n

79

50 (63)

10 (48)

14 (64)

26 (72)

0.06

Macrovascular disease, n

79

30 (38)

10 (48)

8 (36)

12 (33)

0.28

Data are mean ± SD or median (IQR). bpm, beats per minute; DBP, diastolic blood pressure; SBP, systolic blood pressure.

[72.5–80.1], TAR1 is 18.8 [11.4–23.7], and
TAR2 is 1.7 [0.5–4.6] in HbA1c 54–62 vs.
TIR is 52.7 [40.9–67.3], TAR1 is 30.5
[20.8–33.0], and TAR2 is 13.7 [6.2–21.7]
in HbA1c $63; all P < 0.05), whereas TBR
was not different.

Scatterplots showed a relationship
among HbA1c and TIR, HbA1c and TAR,
and HbA1c and TBR, with the best curve
ﬁt being exponential relationship of second order between HbA1c and TIR (R2 =
0.65), linear between HbA1c and TAR

(R2 = 0.68), and exponential of second
order between HbA1c and TBR (R2 =
0.29) (Supplementary Fig. 1).
It has been suggested that, using
CGM parameters, an optimal glycemic
regulation implies a TIR >70%, while
TBR1 and TBR2 are <4% and <1%,
respectively (13). The >70% TIR criterion was reached in 38 patients of the
total study population. Almost half of
these patients (n = 17) also reached the
TBR criteria. Of these 17 patients, the
mean HbA1c was 56.6 ± 4.9 mmol/mol
(7.4%). A total of 23.5% of these
patients originated from the low, 58.9%
from the intermediate, and 17.6% from
the high HbA1c category.
Glycemic Variability Across HbA1c
Categories

Figure 1—Median TIR, TBR1, TBR2, TAR1, and TAR2 values binned into HbA1c #53 mmol/mol,
HbA1c 54–62 mmol/mol, and HbA1c $63 mmol/mol. The values are shown in time in minutes per
day (left y-axis) and percentage of day (right y-axis). The IQRs of TIR, TAR, and TBR are represented by the error bars.

As expected, the variation in glucose
readings reﬂected by the SD increased
progressively across increasing HbA1c
categories (Table 2). However, no significant differences of the CV were found.
The ﬁndings of the LBGI and HBGI
(Table 2) were in line with the TBR and
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TAR ﬁndings. The lowest HbA1c category
had the highest LBGI value, and the highest HbA1c category had the highest HBGI
value. The LBGI and HBGI were both
statistically different between the two
extreme HbA1c categories (HbA1c #53
LBGI of 2.7 ± 2.1 and HBGI of 2.6 ± 1.6
vs. HbA1c $63 LBGI of 0.9 ± 1.3 and HBGI
of 11.3 ± 8.1; both P < 0.001). Also, the
LBGI was higher in the lowest HbA1c category than in the intermediate category
(1.0 ± 1.1), and the HBGI was higher in
the highest HbA1c category than in the
intermediate category (4.6 ± 1.8, all: P <
0.001).
TBR and TAR During Day- and
Nighttime

A large majority of the 62 (78%)
patients experienced TBR episodes. In
the lowest HbA1c category, only 5% of
the patients did not experience any TBR
episodes, whereas this number was
somewhat higher in the intermediate
(23%) and high (31%) HbA1c categories.
The timing of TBR and TAR episodes
of the 79 patients is detailed in Fig. 2.
Figure 2A shows that most TBR episodes
started during nighttime, and the lowest
number of TBR episodes developed
between 8:00 and 9:00 A.M. and between 8:00 and 9:00 P.M. During nighttime, patients developed twice as many

TBR episodes per hour compared with
daytime (0.06 ± 0.06/h vs. 0.03 ± 0.03/h;
P = 0.002). On average, a nighttime TBR
episode started once every 3 days.
Differences of the TBR episodes among
the HbA1c categories during daytime
were found between the lowest and highest category, with 2.0 times more started
TBR episodes in HbA1c #53 (0.04 ± 0.03)
compared with HbA1c $63 (0.02 ± 0.02;
P < 0.01). No differences were found
among the HbA1c categories in the
started TBR episodes during the night.
The duration of the TBR episodes
starting during night hours was longer
than those of daytime episodes (median
88.0 [45.0–195.5] vs. 53.4 [34.4–82.8];
P < 0.001). The duration of daytime
and nighttime TBR episodes was not different among HbA1c categories.
Figure 2B shows patients developed
more TAR episodes per hour during daytime compared with nighttime (0.11 ±
0.05/h vs. 0.04 ± 0.04/h; P < 0.001).
TAR episodes mostly occurred between
8:00 and 9:00 A.M., between 12:00 and
2:00 P.M., and between 6:00 and 7:00 P.M.,
following common mealtimes in the
Netherlands.
Patients of the highest HbA1c category had more TAR episodes during
the day (0.12 ± 0.05/h; P = 0.004) and
night (0.06 ± 0.05/h; P < 0.001) than

patients of the lowest HbA1c category
(0.08 ± 0.04/h vs 0.02 ± 0.02/h, respectively). Also, during daytime, patients
of HbA1c 54–62 had more TAR episodes
(0.13 ± 0.04/h) than the lowest HbA1c
category (P = 0.002).
Median duration of nighttime TAR
episodes, 120.5 (50.0–232.0) minutes,
did not differ from duration during the
day, 102.0 minutes (62.5–149.0) (P =
0.66). However, the TAR duration of the
episodes of the highest HbA1c category
(day 207.5 [150.6–275.6] and night
232.0 [142.8–337.8]) was higher than of
the lowest (day 102.0 [62.5–149.0] and
night 120.5 [50.0–232.0]) and intermediate (day 107.0 [79.7–154.5] and night
70.9 [27.6–168.5]) category during the
day as well as during the night (P <
0.001). An overview can be found in
Table 2.
Factors Contributing to TIR, TAR, and
TBR

An association of P < 0.15 was found
between TIR and BMI, TBR and packyears, fat percentage, sex and predicted
muscle mass, and TAR and pack-years
and microvascular complications.
Multiple linear regression was carried
out for TIR, TBR, and TAR and their associating variables. No contributing factors
(P < 0.05) for TIR were found. Pack-years

Table 2—CGM-derived parameters of the total population and according to HbA1c categories
N
Number of patients, n

Total population

HbA1c

#53

79 (100)

21 (26.6)

HbA1c

54–62

22 (27.8)

HbA1c

$63

P

36 (46.6)

iCGM data, days

79

10 (7–12)

11 (8–11.3)

8 (6–11)

10 (7–12)

0.53

Glucose value, mmol/L

79

8.7 ± 2.2

6.8 ± 0.9

8.1 ± 0.9

10.1 ± 2.4

<0.001

SD

79

2.6 ± 0.8

2.1 ± 0.5

2.2 ± 0.4

3.1 ± 1.0

<0.001

CV (%)

79

30 ± 7

32 ± 7

28 ± 5

31 ± 8

0.18

LBGI

79

1.4 ± 1.7

2.7 ± 2.1

1.0 ± 1.1

0.9 ± 1.3

<0.001

HBGI

79

7.1 ± 6.8

2.6 ± 1.6

4.6 ± 1.8

11.3 ± 8.1

<0.001

TIR, min

79

939.9 (784.1–1,110.5)

1,106.2 (984.2–1,269.8)

1,094.9 (1,043.5–1,154.2)

758.5 (588.4–968.8)

<0.001

TBR episodes, day, n

62

0.03 ± 0.03

0.04 ± 0.03

0.03 ± 0.03

0.02 ± 0.02

0.007

TBR episodes, night, n

62

0.06 ± 0.06

0.08 ± 0.08

0.04 ± 0.04

0.05 ± 0.05

0.06

TAR episodes, day, n

79

0.11 ± 0.05

0.08 ± 0.04

0.13 ± 0.04

0.12 ± 0.05

0.001

TAR episodes, night, n

79

0.04 ± 0.04

0.02 ± 0.02

0.04 ± 0.04

0.06 ± 0.05

<0.001

TBR duration, day, min

62

53.4 (34.4–82.8)

46.9 (34.4–100.3)

50.6 (29.0–86.2)

55.0 (47.7–77.0)

0.18

TBR duration, night, min

62

88.0 (45.0–195.5)

162.9 (69.4–227.1)

63.0 (39.4–157.8)

126.0 (81.5–185.3)

0.93

TAR duration, day, min

79

102.0 (62.5–149.0)

81.9 (66.8–122.1)

107.0 (79.7–154.5)

207.5 (150.6–275.6)

<0.001

TAR duration, night, min

79

120.5 (50.0–232.0)

39.7 (23.5–122.5)

70.9 (27.6–168.5)

232.0 (142.8–337.8)

<0.001

Data are mean ± SD or median (IQR). duration, median duration episode per day or night; episode, average number of episodes started per
hour during daytime (6:00–12:00 A.M.) or nighttime (12:00–6:00 A.M.).
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Figure 2—Circular histogram of the number of TBR (A) and TAR (B) episodes that started on average per hour per patient. The circular axis shows
the hour of day, and the radial axis shows the number of TBR and TAR episodes, which started, on average, in that hour.

has a weak positive association with TBR
and a weak negative association with
TAR, with R2 values of 0.052 and 0.045,
respectively (Supplementary Table 1).
CONCLUSIONS

To the best of our knowledge, this is
one of the few studies that investigated
the glucose regulation beyond HbA1c in
insulin-using patients with type 2 diabetes. We performed 2-week blinded
iCGM measurements and made a number of remarkable observations.
The ﬁrst important ﬁnding was that
patients in the low HbA1c category
(HbA1c #53 mmol/mol [7.0%]) did not
have a higher TIR than those in the intermediate category (HbA1c 54–62 mmol/
mol [7.1–7.8%]). The TIR 75%, as found
in both categories, is considered as good
glycemic control according to current
consensus (13). Of note, these ﬁgures
are higher than previously found in type
1 and type 2 diabetes, in which patients
with a mean HbA1c of 58 mmol/mol
(7.5%), comparable with our intermediate HbA1c category, had a mean TIR of
58% and 56%, respectively (10,23).
Whereas, in the lowest HbA1c category, glucose levels outside the target
range were more often due to TBR, TAR
was more common in the intermediate
HbA1c group. Currently, it is unknown
which distribution pattern of glycemic
range is preferable for quality of life and
long-term outcome. An expert panel
previously suggested to target for TIR
>70%, while TBR1 should remain <4%
and severe hypoglycemia (TBR2) <1%
(13). This was achieved in only a minority of the patients (22%) in our study,
and most of these patients were in the

intermediate HbA1c category and not
the lowest HbA1c category as one might
have expected.
A second important ﬁnding was that
there were no differences in glucose variability between the low and intermediate
HbA1c categories. The CV of <36% found
in both categories is consistent with
rather low variability (24), which is
smaller than previously found in type 1
diabetes (25). This is of interest, because
glucose ﬂuctuation itself could be detrimental in the development of diabetes
complications, and it might be speculated
that similar HbA1c categories carry different risk between type 1 and type 2 diabetes (26,27). The lack of difference
between HBGI values might seem unexpected based on TAR results, but can be
explained by the hyperglycemia burden
in the intermediate HbA1c category being
almost exclusively limited to the
10.0–13.9 mmol/L range. Of all glycemic
variability parameters, the only signiﬁcant
difference between the low and intermediate HbA1c category was found for the
LBGI, being higher in the lowest HbA1c
group, consistent with the TBR results.
Additionally, the glucose variability expressed as SD and HBGI of the high HbA1c
category were higher compared with the
other two HbA1c categories.
A third important ﬁnding is the burden of nocturnal TBR episodes across
the HbA1c categories, which occurred in
almost two-thirds (61%) of all patients
during the 2-week measurement period.
TBR episodes were more frequent and
of longer duration during nighttime
than during daytime. Interestingly, the
frequency of nocturnal TBR episodes
was not lower in patients of the highest

HbA1c category compared with the
other categories, despite a high TAR of
45%. This strongly suggests that
accepting a higher HbA1c is not effective
to eradicate or even reduce nocturnal
TBR episodes. Of note, these episodes
had not previously been recognized in
routine care, presumably because nocturnal blood glucose measurements are
not regularly performed (28,29). It
would be important to reduce these
nocturnal hypoglycemic episodes as
they are implicated with reduced quality of life and long-term complications
(28,30,31).
This study showed that smoking had
a positive association with TBR and
inverse association with TAR. This corresponds with previous data in which a
higher fasting blood glucose, postprandial blood glucose, and HbA1c were
found in smoking as compared with
nonsmoking patients with diabetes (32).
Unique in this are the real-world data
we collected in a cohort of insulin-using
patients with type 2 diabetes, representative for a secondary health care population. The patients did not use sensortechnology themselves and were blinded
for the results. The data quality was high,
with a median of 10 days of data available with a minimal coverage of 90% of
the time per day. A limitation is that we
cannot establish which distribution of glycemic range is optimal for quality of life
and long-term outcome. This would
require a carefully designed prospective
trial investigating prespeciﬁed targets for
TIR. Secondly, some of the unobserved
differences might be due to the relatively
small sample size. Also, the results of this
study cannot be extrapolated to other
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populations, such as patients with type 2
diabetes treated with only oral blood glucose-lowering therapy.
In addition to evaluating targets for
TIR, future research should also investigate how CGM technology can be
effectively applied in clinical practice.
Besides continuous use, which carries
the largest window of opportunity to
improve glycemic control, a strategy of
incidental 2-week unblinded measurements could also be a worthwhile, economical strategy to explore.
In summary, an HbA1c below the target of 53 mmol/mol (7.0%), thus far
considered optimal glycemic control in
most patients, was not accompanied by
the highest TIR in our study of patients
with type 2 diabetes treated with
insulin. Also, an HbA1c $63 mmol/mol
(7.9%) was not accompanied, as would
be expected, with less and shorter nocturnal hypoglycemic episodes burden.
Therefore, to establish individualized
glycemic treatment requires new tools
in addition to HbA1c. The use of CGMderived parameters should be further
explored in this respect.
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