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Abstract
Purpose To analyze the time in tight range (TITR), and its relationship with other glucometric parameters in patients with
type 1 diabetes (T1D) treated with advanced hybrid closed-loop (AHCL) systems.
Methods A prospective observational study was conducted on pediatric and adult patients with T1D undergoing treatment
with AHCL systems for at least 3 months. Clinical variables and glucometric parameters before and after AHCL initiation
were collected.
Results A total of 117 patients were evaluated. Comparison of metabolic control after AHCL initiation showed significant
improvements in HbA1c (6.9 ± 0.9 vs. 6.6 ± 0.5%, p < 0.001), time in range (TIR) (68.2 ± 11.5 vs. 82.5 ± 6.9%, p < 0.001),
TITR (43.7 ± 10.8 vs. 57.3 ± 9.7%, p < 0.001), glucose management indicator (GMI) (6.9 ± 0.4 vs. 6.6 ± 0.3%, p < 0.001),
time below range (TBR) 70–54 mg/dl (4.3 ± 4.5 vs. 2.0 ± 1.4%, p < 0.001), and time above range (TAR) > 180 mg/dl
(36.0 ± 7.6 vs. 15.1 ± 6.4%, p < 0.001). Coefficient of variation (CV) also improved (36.3 ± 5.7 vs. 30.6 ± 3.7, p < 0.001),
while time between 140–180 mg/dl remained unchanged. In total, 76.3% achieved TITR > 50% (100% pediatric). Corre-
lation analysis between TITR and TIR and GRI showed a strong positive correlation, modified by glycemic variability.
Conclusions AHCL systems achieve significant improvements in metabolic control (TIR > 70% in 93.9% patients). The
increase in TIR was not related to an increase in TIR 140–180 mg/dl. Despite being closely related to TIR, TITR allows for a
more adequate discrimination of the achieved control level, especially in a population with good initial metabolic control.
The correlation between TIR and TITR is directly influenced by the degree of glycemic variability.
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Introduction

In the last century, there have been continuous advances in
the treatment of diabetes, with technological advancements
gaining special relevance in recent decades. One of the most
notable technological milestones is the interstitial glucose

monitoring (IGM), which can be considered the most
advanced method for monitoring glucose levels in indivi-
duals with type 1 diabetes (T1D), recently extending its
recommendation to patients with type 2 diabetes (T2D) [1].
The use of IGM is widespread and has brought about a shift
in the way diabetes is monitored and understood. Since the
introduction of IGM, glucose metric parameters have been
established to define the glycemic control of patients with
diabetes, previously only defined by HbA1c and capillary
blood glucose measurements (SMBG) [2]. The International
Consensus on Continuous Glucose Monitoring (CGM)
introduced concepts now widely used, such as time in range
(TIR), time below range (TBR), time above range (TAR),
average glucose, standard deviation (SD), and coefficient of
variation (CV) [2]. Subsequently, the International TIR
Consensus set control goals for these parameters based on
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the type of diabetes [3]. In contrast with HbA1c conven-
tional measure, TIR provides a measure of dispersion and
allows differentiation between individuals with high and
low glucose variability, even when HbA1c levels are similar
[4, 5]. The use of TIR has become widespread, but there are
doubts about whether it will replace HbA1c, which has been
the gold standard for many decades, with studies correlating
its levels and the long-term risk of complications [6].

Within this technological advance in diabetes, the inte-
gration of CGM with insulin pumps has led to the emer-
gence of advanced hybrid closed-loop systems (AHCL),
which have achieved a significant improvement in meta-
bolic control and quality of life for both pediatric and adult
patients with T1D [7–13]. Numerous studies have demon-
strated their efficacy in treating T1D [7–13].

In recent years, new glucose metric parameters have
emerged based on the use of these systems, attempting to
address the limitations of previous metrics. One of these is
the glucose risk index (GRI), described in 2022 [14]. This
new parameter aims to summarize the overall quality of
glycemic control for a specific patient in a single figure,
simplifying data analysis [14–16]. Another recently intro-
duced and increasingly important metric is the time in tight
range (TITR), representing a narrower and more physiolo-
gical range between 70 and 140 mg/dl. Since the TIR
consensus of 2019, there has been discussion regarding the
need to adjust glucose ranges, as the glucose ranges and
treatment goals were determined through consensus efforts
to align with definitions used before the introduction of
CGM but were not based on clinical outcomes [3]. Thus,
the therapeutic goal of an HbA1c < 7% was equated to
spending 70% in the range of 70–180 mg/dl [3]. However,
studies showed that individuals without diabetes spend 96%
of their time between 70 and 140 mg/dl, rarely reaching
levels between 140 and 180 mg/dl, and if they do, it is only
for a short period after meals [17, 18]. Based on this, some
authors have proposed that TITR may better reflect the
CGM metrics of euglycemia, and the first TITR studies
have already been published, with some of them indicating
desirable TITR goals to define good metabolic control and
establishing equivalencies between TITR levels and HbA1c
figures [19, 20].

The objective of this study was to analyze the utility and
evolution of TITR and its relationship with other glucose
metric parameters in patients with T1D (both adults and
pediatric) undergoing treatment with AHCL systems,
receiving follow-up in a tertiary hospital.

Material and methods

This study was a prospective observational study involving
117 adult and pediatric patients with T1D undergoing

intensive insulin treatment with the Medtronic MiniMed-
780G (MM780G) AHCL system at a tertiary hospital. All
the patients included in the study participated in an educa-
tional program of 3–5 sessions (depending on the previous
system used) in which they were instructed about the ACHL
system working. Clinical and metabolic control data were
collected, and information on system usage and metabolic
control was assessed through the data analysis obtained
from the Carelink System and Libreview software pro-
grams. All patients with T1D and this AHCL system with a
scheduled appointment in 2023 were consecutively enrol-
led, excluding those using the AHCL system less than
3 months or less than 1 year since the onset of DM1. None
of the patients met the exclusion criteria. Clinical char-
acteristics and baseline metabolic control status were col-
lected prior to initiating AHCL MM780G treatment.
Subsequently, treatment was changed to AHCL MM780G,
and metabolic control data were collected during visits
conducted in 2023, provided there was at least 3 months of
device usage. Metabolic control evaluation involved ana-
lyzing glucometric data from device downloads in the
14 days preceding the patient visits.

Glucometric data included mean glucose (mg/dl), glu-
cose management indicator (GMI) (%), TIR (% of time
with glucose levels between 70 and 180 mg/dl), TAR (%
of time above 180 mg/dl), and TBR (% of time below
70 mg/dl). Glycemic variability was assessed through the
CV (%) and SD (mg/dl). TAR and TBR were further
classified into very low glycemia level (<54 mg/dL), low
glycemia level (54–70 mg/dL), high glycemia level
(181–250 mg/dL), and very high glycemia level (>250 mg/
dL). Additionally, TITR (% of time between 70 and
140 mg/dl) and time between 140 and 180 mg/dl were
calculated, as well as GRI as previously described [15].
Data on the use of AHCL (time in AHCL), total insulin
dose, insulin boluses dose and sensor usage percentage
were also collected. A comparative analysis was con-
ducted for all these parameters before and after the
initiation of the AHCL system.

Statistical analysis was conducted, and the results were
expressed as mean ± standard deviation (mean ± SD). The
normal distribution of variables was assessed using the
Kolmogorov–Smirnov test. Quantitative variables with
normal distribution were analyzed using a two-tailed t-
Student test, while non-parametric variables were evaluated
with the Mann–Whitney U test. Categorical variables were
assessed using the chi-square test or Fisher exact test when
necessary. Pearson’s linear correlation coefficient was used
to analyze the association of quantitative variables. Finally,
a multiple linear regression model was employed, with
pediatric/adult status, gender, AHCL duration, GMI, CV,
time in AHCL, sensor usage, and TIR as independent
variable and TITR as the dependent variable. P values

540 Endocrine (2024) 86:539–545



< 0.05 were considered significant. SPSS 23.0 (SPSS Inc.,
Chicago, IL, USA) was used for data analysis.

All patients signed an informed consent for their inclu-
sion before participating in the study. The protocol was
approved by the Clinical Research Ethics Committee of our
Institution (PI 23-3134), and the study was conducted in
accordance with the Declaration of Helsinki.

Results

A total of 117 patients (66% females) were evaluated,
including 44 pediatric patients (under 18 years old). Flash
glucose monitoring (FGM) was used by 93.2% of the par-
ticipants, and 82.9% used subcutaneous insulin infusion
system (CSII) before transitioning to MM780G AHCL
system. Among adults, 9.6% used Medtronic Minimed-
670G, and 90.4% used CSII (Medtronic Minimed-640G)
with FGM before starting MM780G AHCL system. In the
pediatric population, 45.5% received treatment with multi-
ple daily insulin doses (MDI) before transitioning to AHCL,
while the rest used Medtronic Minimed-670G (13%) or
Medtronic Minimed-640G with FGM (41.5%). The mean
age in adults was 44.1 ± 12.6 years, and in pediatric popu-
lation was 12.77 ± 3.47 years. The mean duration from the
start of treatment with the MM780G AHCL system to data
analysis was 15.2 ± 9.9 months. In total, 76.1% of the
analyzed population had the optimal configuration of the
device (MM780G AHCL system): 100 mg/dL target and 2 h
of active insulin (see Table 1 for descriptive information).

A comparative study was conducted between gluco-
metric results before and after the initiation of the MM780G
AHCL system, with a 3-month minimum usage. Significant
improvements were observed in HbA1c (6.9 ± 0.9 vs.
6.6 ± 0.5%, p < 0.001), TIR (68.2 ± 11.5 vs. 82.5 ± 6.9%,
p < 0.001), TITR (43.7 ± 10.8 vs. 57.3 ± 9.7%, p < 0.001),
GMI (6.9 ± 0.4 vs. 6.6 ± 0.3%, p < 0.001), TBR70–54 mg/dl
(4.3 ± 4.5 vs. 2.0 ± 1.4%, p < 0.001), TAR > 180 mg/dl
(36.0 ± 7.6 vs. 15.1 ± 6.4%, p < 0.001), and CV (36.3 ± 5.7
vs. 30.6 ± 3.7, p < 0.001). The time between 140 and
180 mg/dl remained stable (24.6 ± 6.0 vs. 24.9 ± 5.6, ns)
(Table 1). This improvement remained consistent when
stratifying by pediatric and adult age groups, with pediatric
patients exhibiting better metabolic control for TIR
(86.0 ± 4.7 vs. 79.5 ± 7.6%, p < 0.001) and TITR (62.7 ± 6.4
vs. 53.7 ± 9.9%, p < 0.001) (Table 2).

Analyzing the entire sample, 76.3% patients achieved
TITR > 50%. However, when considering only the pediatric
population, 100% pediatric patients achieved TITR > 50%,
compared to 62.5% in the adult population (p < 0.001). For
TIR > 70%, 93.9% patients reached this goal, with 100%
pediatric population and 90.3% adult population achieving
it (p < 0.001) as well.

Correlating TITR with TIR revealed a strong positive
correlation (r= 0.849, p < 0.001) and GRI (r= 0.647,
p < 0.001), similar in both pediatric and adult populations
(Fig. 1). Analyzing the relationship between TIR and TITR
and glycemic variability assessed by CV showed that
patients with higher variability (CV > 36%) a TIR= 70%
corresponded to TITR of 47.9%, compared to those with
CV < 36% where a TIR of 70% corresponded to
TITR= 42.0%.

In a multivariate analysis evaluating the relationship with
TITR among other variables (pediatric/adult status, gender,
AHCL duration, GMI, CV, time in AHCL, sensor usage,
and TIR), only TIR, CV, and GMI maintained statistical
significance (Table 3).

Discussion

The present study demonstrates that treatment with AHCL
MM780G system in patients with T1D, both pediatric and
adults, improves metabolic control as previously described
in prior studies [7–13]. Moreover, this improvement in
metabolic control is primarily attributable to an increase
in TITR, a recently introduced metric reflecting time spent

Table 1 Baseline characteristics and evolution after the initiation of
treatment with AHCL systems in the entire population

Basal MM780G p value

Mean SD Mean SD

Gender (female) 66% – – –

Time using MM780G (months) 15.2 9.9 –

HbA1c (%) 6.9 0.9 6.6 0.5 <0.01

Sensor use (%) 91.1 13.5 93.1 5.9 ns

Mean glucose (mg/dl) 150.1 18.8 138.5 13.2 <0.01

GMI (%) 6.9 0.4 6.6 0.3 <0.01

CV (%) 36.3 5.7 30.6 3.7 <0.01

TIR (%) 68.2 11.5 82.5 6.9 <0.01

TBR70 mg/dl (%) 4.3 4.5 2.0 1.4 <0.01

TBR54 mg/dl (%) 1.2 5.9 0.4 0.7 ns

TAR180 mg/dl (%) 36.0 7.6 15.1 6.4 <0.01

TAR250 mg/dl (%) 6.0 5.4 2.1 3.0 <0.01

TITR (%) 43.7 10.8 57.3 9.7 <0.01

TAR140–180 mg/dl (%) 24.6 6.0 24.9 5.6 ns

GRI (%) 37.9 13.0 21.1 10.3 <0.01

Time in AHCL (%) – – 92.3 16.0 –

Total insulin dose (UI) – – 49.6 65.3 –

Insulin bolus (%) – – 39.1 21.3 –

Autocorrection boluses (%) – – 26.0 12.4 –

GMI glucose management index, CV coefficient of variation, TIR time
in range, TBR time below range, TAR time above range, TITR time in
tight range, GRI glucose risk index
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in euglycemia with limited existing literature, without a
change in time spent between 140 and 180 mg/dl. Addi-
tionally, we observed a clear correlation between the coef-
ficient of variation (CV) and the relationship between TIR
and TITR.

In recent years, the effectiveness of AHCL systems for
the treatment of T1D patients, both pediatric and adult, has
been demonstrated, leading to a noticeable improvement in

their metabolic control [7–13]. It has been established that a
TIR > 70% is synonymous with good metabolic control in
T1D patients. Studies are now beginning to correlate TIR
with macro and microvascular complications, similar to
HbA1c levels [21–24]. A new metric, TITR, has been
introduced, focusing on a narrower and more physiological
range, which is the primary analysis goal in our study. The
incorporation of TITR addresses the discussion regarding
the need to adjust glucose ranges to values closer to
euglycemia, especially considering the significant
improvement in glycemic control experienced by indivi-
duals with T1D receiving AHCL system treatment. The
therapeutic goal of achieving an HbA1c < 7% has been
equated to TIR 70%. Some authors propose that TITR may
better reflect normal glucose values, with initial studies
attempting to establish desirable TITR goals and equiva-
lence between TITR levels and HbA1c figures [19–21].

Our study shows that treatment with AHCL systems
results in significant metabolic control improvements for
both pediatric and adult patients, assessed not only through
TIR but also TITR. The enhancement of metabolic control
with AHCL systems, compared to previous treatments, is
evident in both HbA1c levels and conventional glucose
parameters in our study. Indeed, 93.9% patients achieved a
TIR > 70%, considered a parameter for good metabolic
control in T1D patients, with 100% pediatric patients
achieving this. These results align with the literature,
showing an improvement in TIR with a decrease in TBR
and TAR, and a betterment in HbA1c levels after initiating
treatment with various AHCL systems [7–13].

The main finding of our study is that the improvement in
metabolic control with the implementation of AHCL sys-
tems primarily occurs due to an increase in TITR, without a
corresponding increase in time between 140 and 180 mg/dl,
as described by Castañeda et al. [20]. Therefore, treatment
with the MM780G AHCL system brings about improve-
ment mainly in time spent in euglycemia, a relevant and
significant result not described so far. Our study supports
TITR use as a new glucose metric that allows for a more
accurate discrimination of the achieved control level,
especially in a population with initially good metabolic
control and elevated TIR, despite the strong correlation
between both parameters.

Although the TITR target is not yet established, it is
widely accepted that a high TITR is desirable. A TITR
goal > 50% is considered a reasonable and safe treatment
target for individuals living with T1D, with higher TITR
values being preferable [19, 20]. Peterson et al. established
that a 50% TITR corresponds to an HbA1c level of 6.5%
[19]. Similarly, Castañeda et al. aim to define TITR levels
as treatment goals for individuals with T1D, suggesting that
a TITR over 45% has the greatest potential to accurately
determine if users achieve an HbA1c below 7% [20]. These

Table 2 Baseline characteristics and evolution after the initiation of
treatment with AHCL systems: differences between pediatric
population and adults

Adults Pediatrics p value

Mean SD Mean SD

Time using MM780G (months) 14.5 10.1 16.4 9.6 ns

Basal HbA1c (%) 7.2 0.7 6.5 1.1 <0.01

Basal Sensor use (%) 89.3 5.5 93.5 4.3 ns

Basal mean glucose (mg/dl) 156.5 18.9 141.8 15.1 <0.01

Basal GMI (%) 7.1 0.4 6.7 0.4 <0.01

Basal CV (%) 35.9 5.1 36.9 6.4 ns

Basal TIR (%) 64.5 12.5 72.6 8.5 <0.01

Basal TBR70 mg/dl (%) 3.8 4.9 4.9 4.0 ns

Basal TBR54 mg/dl (%) 1.6 5.4 0.8 0.8 ns

Basal TAR180 mg/dl (%) 23.0 7.9 17.5 6.8 <0.01

Basal TAR250 mg/dl (%) 7.1 5.9 4.6 4.4 <0.01

Basal TITR (%) 40.4 10.3 48.0 10.0 <0.01

Basal TAR140–180 mg/dl (%) 24.7 4.9 24.4 7.2 ns

Basal GRI (%) 40.1 13.7 35.2 11.8 <0.01

Time in AHCL (%) 91.8 12.2 93.3 21.3 ns

Total insulin dose (UI) 54.1 80.0 41.9 22.3 <0.01

Insulin Bolus (%) 25.2 12.6 30.3 3.5 <0.01

Autocorrection boluses (%) 29.4 13.3 20.2 7.9 <0.01

AHCL HbA1c (%) 6.7 0.6 6.4 0.4 <0.01

AHCL Sensor use (%) 91.6 6.7 95.7 2.5 <0.01

AHCL mean glucose (mg/dl) 130.7 8.9 142.9 13.3 <0.01

AHCL GMI (%) 6.7 0.3 6.5 0.2 <0.01

AHCL CV (%) 30.1 3.9 30.3 3.5 ns

AHCL TIR (%) 79.5 7.6 86.0 4.7 <0.01

AHCL TBR70 mg/dl (%) 1.8 1.5 2.5 1.2 <0.01

AHCL TBR54 mg/dl (%) 0.6 2.6 0.5 0.9 ns

AHCL TAR180 mg/dl (%) 15.9 6.6 10.1 3.8 <0.01

AHCL TAR250 mg/dl (%) 2.7 3.5 1.1 1.2 <0.01

AHCL TITR (%) 53.7 9.9 62.7 6.4 <0.01

AHCL TAR140–180 mg/dl (%) 25.8 5.6 23.3 5.4 ns

AHCL GRI (%) 23.2 11.7 17.4 6.0 <0.01

Basal= before starting treatment with MM780 AHCL system.
AHCL= in treatment with MM780 AHCL system

GMI glucose management index, CV coeffient of variation, TIR time in
range, TBR time below range, TAR time above range, TITR time in
tight range, GRI glucose risk index, AHCL advanced hybrid closed
loop, ns non significative, SD standard deviation

542 Endocrine (2024) 86:539–545



authors also state that TITR over 50% is optimal for clas-
sifying an GMI below 6.8%, and TITR over 55% is optimal
for GMI below 6.5% [20]. Although a TITR over 50% can
be considered a reasonable and safe goal for treatment tar-
gets in individuals living with T1D, Castañeda et al. showed
that a goal exceeding 55% could be reasonably achieved in
MM780G AHCL system users if optimal system settings
are applied (target 100 mg/dL, insulin duration 2 h). These
optimal settings were recorded in 76.1% of our study
population.

In our study, metabolic control was better in pediatric
population, with an average TITR 62.7 ± 6.4% compared to
53.7 ± 9.9% in adults after starting AHCL. This aligns with
Beck et al., who reported an average TITR 53% vs. 32% in
non-AHCL users in a mixed population (pediatric and

adults) [25]. Castañeda et al. [20] describe that with the use
of MM780G AHCL system, TITR significantly increased in
both pediatric and adult populations, with an absolute TITR
increase of 11.7 ± 10.8% (from 37.2 ± 14.3% to
48.9 ± 9.6%) and 11.6 ± 10.2% (from 37.2 ± 13.6% to
48.8 ± 10.9%), respectively, in each group. Simultaneously,
there was a TIR increase of approximately the same mag-
nitude [20]. Therefore, the TITR values described are lower
than ours, especially in the younger population [25].

A TITR over 50% was achieved by 76.3% of our
patients. When specifically analyzing the pediatric popula-
tion, 100% pediatric patients achieved a TITR over 50%, in
contrast with adult population where only a lower percen-
tage (62.5%) reached this threshold. Nevertheless, Casta-
ñeda et al. describe that over 90% users reached a TITR
over 45%, considering it a high percentage, similar to what
our work considers [20]. Comparing our results with
Panassini’s et al. [26], in a study conducted exclusively in
pediatric population, the average TITR described is clearly
lower than ours (36.4 ± 12.8%). Although this average
corresponds to patients with different treatments, they
describe a higher TITR in users of AHCL systems where
the TITR was 45 ± 11.2%, a percentage clearly lower than
that obtained in our pediatric population [26]. On the other
hand, the percentage of participants achieving TITR over
50% in the AHCL group was significantly lower than in
ours (34.3%).

TITR shows a close correlation with TIR and CV, as
shown recently [25] The correlation between TITR and GRI
was recently described [15]. The multivariate analysis
conducted in our study shows that only TIR, CV and GMI
maintained statistical significance with TITR. The influence
of glucose variability, not directly included in TITR or TIR,

Fig. 1 Correlation between time
in range (TIR) and time in tight
range (TITR) in pediatric and
adult patients stratified by
coefficient of variation (CV).
r= 0.849, p < 0.0001

Table 3 Multivariate analysis with TITR as the dependent variable

B SE P value CI 95.0%

Constant 63.891 0.062 −3.263 131.044

Age 0.388 0.020 ns −1.284 2.060

Gender −0.731 −0.038 ns −2.250 0.789

T1D duration −0.028 −0.031 ns −0.099 0.043

AHCL GMI −14.185 −0.406 <0.001 −19.963 −8.406

AHCL CV 0.535 0.216 <0.001 0.246 0.825

AHCL sensor use 0.038 0.016 ns −0.186 0.262

Time in automatic
mode

0.006 0.009 ns −0.045 0.057

AHCL TIR 0.816 0.628 <0.001 0.556 1.075

GMI glucose management index, CV coefficient of variation, TIR time
in range, AHCL advanced hybrid closed loop, B unstandardized beta
coefficient, SE standard error, CI 95.0% confidence interval 95%
aDependent variable AHCL TITR
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has been described for both variables, partly due to the
dependence of CV calculation on mean glucose. However,
our study suggests that the TITR target of 50% could be
adjusted based on individual glucose variability. In other
words, higher CV leads to a higher TITR for a given TIR,
just as greater variability for a specific TITR results in lower
TIR. This was previously described by Beck et al., who
reported that higher CV, and in turn, higher TBR lead to a
higher TITR for a given TIR [25]. TBR should also be
considered in this relationship between TIR and TITR, as
noted by Becks et al., who found differences in the TIR and
TITR relationship in patients with T1D and T2D, with a
higher TITR for a given TIR in T1D patients [25]. These
differences are attributable to higher variability and TBR in
T1D patients, and in fact, the differences in the TIR and
TITR relationship between both populations disappeared
when adjusted for CV or TBR [25].

One of the limitations of our study is the smaller sample
size compared to other studies carried out with the same
AHCL system. However, it is important to highlight as
strengths that, unlike studies with a larger we have real
clinical data and an accurate diagnosis of the included
patients, sample size, as well as HbA1c data, allowing for
an exhaustive comparison of the before and after conditions
upon initiating treatment with AHCL systems.

In conclusion, our study highlights that AHCL systems
achieve significant improvements in metabolic control with
TIR > 70% in 100% pediatric patients, primarily through
increases in TITR and, consequently, time spent in eugly-
cemia. Therefore, TITR may be a more suitable target for
patients undergoing AHCL system treatment, indicating
improved metabolic control. The emerging role of TITR as
a key metric for evaluating glucose control in individuals
with diabetes may be closely linked to a careful inter-
pretation of CV levels in both research studies and daily
clinical practice. Further studies are needed to evaluate
short- and long-term outcomes of using TITR as a metric.
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