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1 | INTRODUCTION

Rose Lin MD?3 |

David O'Neal MD#>*

Abstract

Glycated haemoglobin (HbA1c) is currently the gold standard outcome measure for
type 2 diabetes trials. Time in range is a continuous glucose monitoring (CGM) metric
defined as the proportion of time in euglycemia (3.9-10.0 mmol/L) and may be valu-
able not only in type 1 diabetes clinical trials but also as an endpoint in type 2 diabe-
tes trials. This narrative review aimed to assess the relative merits of time in range
versus HbAlc as outcome measures for type 2 diabetes studies. It reviews the
strengths and limitations of time in range as an outcome measure and evaluates stud-
ies in type 2 diabetes that have used time in range as a primary or secondary out-
come measure. A literature search was conducted on PubMed and MEDLINE
databases using key terms “time in range” AND ‘“diabetes” OR “type 2 diabetes mel-
litus”. Further evidence was obtained from relevant references of retrieved articles.
Literature search identified 247 papers, of which 110 were included in this review.
These included a broad range of articles, including 45 randomized trials using time in
range as an outcome measure in patients with type 2 diabetes, as well as papers vali-
dating time in range. Time in range provides valuable and clinically relevant informa-
tion and should be used as an important endpoint in type 2 diabetes in clinical trial

settings, in conjunction with HbA1c.
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every 5-15 min for 24 h a day continuously. CGM enables better

visualization and understanding of glucose levels by people with dia-

Glycated haemoglobin (HbA1c) has long been considered the gold
standard for assessing long-term glycaemia in people with type 2 dia-
betes. Continuous glucose monitoring (CGM) devices have become
widely used, not just for people living with type 1 diabetes but also
for those with type 2 diabetes.! CGM measures glucose levels in the
interstitial fluid every 1-15 min, and an average glucose is recorded

betes. Time in range (TIR) is a CGM metric which, by consensus, rep-
resents the percentage of time that glucose readings are within the
desired range of 3.9-10.0 mmol/L (70-180 mg/dL). This metric has
been increasingly used as an outcome measure to assess diabetes
management both in clinical practice and clinical trials, especially in
those trials involving people with type 1 diabetes.?
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The use of CGM in type 2 diabetes research is increasing. It is a
useful tool to not only improve glycaemic management but also to
more accurately assess the impact of interventions on diabetes man-
agement. Batelino et al.> have made consensus recommendations on
the use of CGM for clinical trials to assess the impact of an interven-
tion; therefore, an increasing number of trials are using TIR as an out-
come measure.

HbA1c has been the gold standard assessment of diabetes man-
agement for 29 years, since the publication of the Diabetes Control
and Complications Trial (DCCT) which showed that an elevated
HbA1c was associated with an increased risk of development and pro-
gression of microvascular complications.* HbA1c is measured based
on the non-enzymatic glycation of haemoglobin, from which blood
glucose levels over the normal ~120-day life span of the red
blood cell can be inferred.

HbA1c is an indirect measure of glycaemic exposure and may not
accurately reflect glycaemia in people with haemoglobinopathies,
anaemia, kidney failure and even some ethnic groups, due to differ-
ences in the propensity of haemoglobin to glycosylation (Table S1
appendix). Some studies have shown HbA1c measurements are higher
in US African Americans and Hispanic populations than in Cauca-
sians.® These differences can make HbA1lc a less reliable marker of
glycaemia in certain populations. Therefore, management decisions in
those with type 2 diabetes may be better served by CGM measures,
including TIR.

Time in range (TIR) provides insight into short-term glycaemic
management in the clinical setting by providing real-time feedback on
glucose patterns. In research settings, TIR can be a valuable marker of
the effectiveness of the trial intervention. There are other CGM met-
rics available, which will be discussed briefly later in this review; how-
ever, TIR is the most validated one so far. In this narrative review, we
explore the strengths and limitations of TIR as an outcome measure
with a review of trials in type 2 diabetes that have used TIR as either
a primary or secondary outcome. We propose that TIR should be used
routinely as an important outcome measure in type 2 diabetes trials in
conjunction with HbAlc. Diabetes in pregnancy is beyond the scope

of this review.

2 | METHODS

We conducted a literature search on the PubMed and MEDLINE
databases using medical subject heading (MeSH) terms “time in
range” AND “diabetes” OR “type 2 diabetes mellitus” OR “diabetes
mellitus” OR “glycemic control” OR “glycated haemoglobin” OR
“diabetes treatment” OR “glucose-lowering drugs” OR “diabetes
complications” OR “microvascular complications” OR “macrovascu-
lar complications”. Retrieved articles were filtered to remove dupli-
cates and irrelevant results. The reference lists of the selected
articles were also searched for any relevant papers. Relevant papers
on TIR, HbA1c and CGM in type 2 diabetes published since year
2000 were included. The search was limited to humans, and the

English language.

3 | RESULTS

A total of 1260 potentially relevant articles were identified. After
screening for relevance, 110 articles were included in this review
(Figure 1). A Medline search using the MeSH terms “time in range”
AND “diabetes mellitus, type 2” yielded 247 results, including 45 ran-
domized controlled trials involving individuals with Type 2 diabetes,
where TIR was considered either a primary or secondary outcome
(Table 1). Of these, 11 studies featured CGM as the intervention. Spe-
cifically, 21 studies used TIR as a primary outcome, 19 as a secondary
outcome and 5 as a co-primary outcome. Studies that used TIR as the
primary outcome, without including HbAlc as an outcome, had dura-
tions ranging from 13 days to 3 months, with a median duration of
51.5 days. All studies that included HbA1c as a primary or secondary
outcome were greater than 3 months duration, with a median dura-
tion of 58 weeks duration. The trials were conducted across a diverse
set of countries, including the United States, United Kingdom, Japan,
Korea, China, Australia, Canada, Singapore and several European
nations. The most commonly used CGM devices were the FreeStyle
Libre Pro by Abbott, employed in 13 studies, Medtronic products in
10 studies, followed by the Dexcom Gé in 8 studies, and the Dexcom
G4 in 2 studies. Additionally, 3 studies derived TIR from self-
monitoring of blood glucose through fingerpricking.

4 | DISCUSSION

4.1 | Definitions of TIR and other CGM metrics

The International Consensus on Time in Range (ICTR) defines targets
for TIR, time above range (TAR) and time below range (TBR) for peo-
ple with type 1 and type 2 diabetes.>* They recommend assessing all
the metrics together as ‘TIR’ in clinical and research settings as it is
more illustrative overall. They recommend >70% of time spent within
target ranges (around 16 h 48 min per day) for both type 1 and type
2 diabetes.”>>% TBR is split into two levels: Level 1 (3.0-3.9 mmol/L,
54-69 mg/dL) signals risk of hypoglycaemia, and Level 2 (<3.0 mmol/
L, <54 mg/dL) is clinically significant, requiring immediate attention,
with a target of <1% of the day. TAR is also split into two levels: Level
1 (>10mmol/L, >180mg/dL) and Level 2 (>13.9 mmol/L,
>250 mg/dL).

TIR targets for specific subgroups, such as the elderly or other
high-risk individuals, have also been defined by the ICTR. A TIR target
of >50% per day (12 h) for individuals over 60 years or those at high
risk is recommended.® However, this target is based on consensus
opinion considering the higher rates of hypoglycaemia and hypogly-
caemia unawareness in older adults and is not well validated.* A
2021 review involving 15 expert endocrinologists worldwide pro-
posed individualized TIR targets for various subgroups®® (Figure 2).
They endorsed the ICTR recommendation of >70% TIR at 3.9-
10 mmol/L for individuals with type 1 and type 2 diabetes; however,
for highly motivated, newly diagnosed patients without comorbidities,
a stricter target of >80% TIR at 3.9-8.9 mmol/L may be considered.
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FIGURE 1 PRISMA (Preferred
Reporting Items for Systematic Reviews

and Meta-Analyses) flowchart for
narrative review.

Not representing primary or
including pregnant
women or post-partum (n=60)

Time in range in paediatric

Full article not found (n = 16)

For adolescents with type 1 diabetes, the target was >80% TIR at
3.9-10 mmol/L, due to the propensity for greater glycaemic variabil-
ity. Although difficult to achieve, dedicated education and support on
carbohydrate counting, meal planning, exercise management and use
of insulin pumps may help to achieve this. Additionally, for those with
macrovascular complications, a more relaxed target (>70% TIR at 4.4-
10 mmol/L) was recommended to mitigate the heightened risk with
hypoglycemia.>® An even looser target (>70% TIR at 5.0-10 mmol/L)
was suggested for patients with renal or hepatic disease. Individual-
ized TIR targets are crucial, even in clinical trials, to minimize hypogly-
caemia. A more streamlined consensus on subgroup-specific targets
by the ICTR would be beneficial.

A correlation analysis conducted by Montaser et al. on 75,563
CGM profiles from studies involving both type 1 and type 2 diabetes
identified two key clusters of CGM metrics: exposure to hyperglycae-
mia and risk of hypoglycemia.>” Together, these clusters account for
90% of the variance in CGM data. Hyperglycaemia is associated with
TIR and the Glycemia Management Index (GMI), while hypoglycaemia
correlates with TBR and the Coefficient of Variation (CV).

GMI, previously known as the estimated HbAlc, is calculated
from mean glucose levels using formulas validated in multiple stud-
ies.>®>? CV%, which reflects glycaemic variability (GV), is calculated
by dividing the standard deviation (SD) of sensor glucose (SG) values
by the mean SG value over the same observation period x100, and a
threshold of 36% has been shown to differentiate between stable and

unstable glycemia.?® CV has been shown to be relatively sensitive

)
2 Records  identified  from
B databases: ) B Duplicate records
= MEDLINE (Ovid) (n =720) removed (n = 80)
g PubMed (n=540),
= Total (n=1260)
—
)
Records screened Records excluded
(n=1130) (n=290)
= Records screened at title and
E abstract
g (n=890)
9]
Reports excluded:
A 4
Records assessed for secondary outcome (n = 65)
eligibility > Records
(n=1320)
—
patients (n =58)
3
E Studies included in review
E (n=110)

and predictive of hypoglycaemia.?®¢* The strengths and limitations of
these measures are discussed later in this review. While the primary
focus in this manuscript is on T2D, the rationale for emphasizing TIR
has similar implications for T1D, given the comparable TIR targets and

associated diabetes complication outcomes.

42 | Strengths of TIR as an outcome measure

In comparison to HbA1c, TIR is not affected by ethnicity, hemoglobin-
opathies or anaemia, making it a more reliable outcome measure of
glycaemia in populations that often get excluded in studies using
HbA1c as a primary outcome measure. Some trials in people with
Type 2 diabetes have shown discrepancies in the significance of out-

1948 and shown

comes between HbAlc and TIR, as outlined below
TIR can be a valuable marker of the effectiveness of a trial, thus justi-
fying the need for both outcome measures even further. Furthermore,
consensus recommendations have been made on the optimal duration
of CGM wear being 14 consecutive days with at least 70% wear for
accurate interpretation of CGM metrics; however, this has not been
well validated.® This measure of CGM accuracy was based on a study
involving 257 people with type 1 diabetes who wore a CGM over
3 months that found that the incremental sampling of CGM data cor-
relation to the full 3 months of CGM data improved with the number
of days of data collected; however, there was a plateau at about

14 days with an R? value of 0.84-0.86 for metrics including TIR, mean
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FIGURE 2 Time in range targets for
various subgroups. Adapted from Kalra
etal>®

Adolescents
Type 1 diabetes Macrovascular o Older /high risk
| >80%at39-10 | >70%at5.0-10 80%at3 P89 |1 individuals
mmol/L mmol/L >50% at 3.9-10.0mmol/L|
Type 2 diabetes Microvascular Renal/ Hepatic Disease
— >70%at3.9-10 —  >70%at 3.9-10 —
RmOl/L, AmOVL >70% at 5.0-10 mmol/L

TABLE 2 Correlation between time in range (3.9-10 mmol/L, 70-180 mg/dL) and HbA1c in 2 meta-analysis of randomized controlled trials.

Findings
TIR of 70% corresponded with

A1C of 7%, TIR of 50%
corresponded with Alc of 8%

Every 10% increase in
TIR = 0.5% (5.5 mmol/mol)
A1C reduction®® ¢?

TIR of 70% corresponded with
A1C of 6.7%

Correlation coefficient
(r)

between time in range
and HbA1c

r=-0.67

r=-0.84

Study size (n),
Authors  study type Population Study Aim(s)
Beck 545, Type 1 To better understand the metrics of
et al. Retrospective diabetes = all  time in range and hyperglycaemia
analysis of data studies and their relationship to HbA1c
from 4 RCTs
Vigersky 1440, Type 1 To understand the relationship
et al. Retrospective diabetes = 15  between time in range and HbAlc
analysis of data studies
from 18 RCTs
Type 2
diabetes = 4
studies

Abbreviations: RCT, randomized controlled trial; TIR, time in range.

blood glucose and level 1 hyperglycaemia.®? A subsequent study by
Xing et al. provided similar findings.®® The aforementioned determi-
nants defining a minimum valid CGM dataset have been used in clini-
cal trials.** However, a recent analysis of people with type 2 diabetes
who were not using insulin found that a CGM wear duration of 7-
10 days might be sufficient to accurately estimate TIR.S They utilized
CGM data from a randomized trial to compute TIR by sequentially
adding daily CGM data until the cumulative TIR values for the glucose
ranges of 3.9-7.8 mmol/L (70-140 mg/dL) and 3.9-10 mmol/L (70-
180 mg/dL) stabilized to +2% of the final values. They found that
ranges of 3.9-10 mmol/L stabilized within 7 + 3 days and ranges 70-
140 mg/dL stabilized within 10 * 3 days.®® The duration of wear may

Every 10% increase in
TIR = 0.8% (8.7 mmol/mol)
A1C reduction

be even lower in type 2 diabetes and is a further advantage of TIR use
in clinical trials to obtain results in a shorter timeframe.®®¢> Recent
studies have shown significant improvements in the accuracy of CGM
systems. Newer CGM models demonstrate enhanced performance
compared to previous generations, with reduced mean absolute rela-
tive difference (MARD) and improved reliability.® A novel subcutane-
ous glucose sensor exhibited consistent accuracy over 10 days of
wear, with an overall MARD of 9.6% and minimal risk associated with
glucose discrepancies.®” Advanced calibration algorithms have also
contributed to accuracy improvements.

The following are 3 major supportive factors for TIR as an out-

come measure for type 2 diabetes trials:
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421 | Correlation of TIR and HbAlc

The use of TIR has been validated in several studies as it correlates well
with HbA1lc (Table 2). Beck et al. performed a cross-sectional longitudi-
nal analysis of datasets from four clinical trials that assessed the effec-
tiveness of CGM in 545 participants with type 1 diabetes. All
participants had a HbAlc measured at baseline and 6 months. They
found that a TIR of 70% reflected an average HbA1lc of 7% (53 mmol/
mol) with a moderate correlation (r = —0.67) using Spearman partial
correlation analysis.”® A 10% increase in TIR correlated with a 0.5%
reduction in HbA1c. Importantly, they demonstrated that a given TIR
corresponded to a wide range of possible HbAlc levels, further
highlighting the limitations of HbA1c and the need for TIR to be incor-
porated into standard practice as a direct measure of glycaemia. In
comparison, a correlation analysis from 18 randomized controlled trials
that reported paired HbAlc and %TIR metrics in people with type
1 and type 2 diabetes (n = 1137) found a strong correlation (r = —0.84)
between HbA1c and TIR using linear regression analysis and Pearson's
correlation coefficient.”* The authors reported that every absolute 10%
change in TIR was associated with a 0.8% (9 mmol/mol) change in
HbA1C. The differences in these values between both studies were
attributed to the differences in the number of studies analysed, the
population characteristics and methods of blood glucose measure-

ments. Beck et al.”®

analysed 4 randomized trials using CGM in people
with type 1 diabetes, whereas Vigersky et al’* analysed 18 randomized
trials with data over a 10-year time period with CGM and self-
monitoring blood glucose in both type 1 and type 2 diabetes. It could

be argued that Vigersky et al”*

have a more robust dataset representa-
tive of a wider population of people with diabetes. However, the major-
ity of the population in both studies was Caucasian, and since the
relationship of mean blood glucose to HbAlc differs by ethnicity, it
may not apply to the non-Caucasian population. Neither study speci-
fied whether people with kidney disease were included, which could
lead to falsely lower HbA1c levels.”? Additional prospective studies are
required in this area. These two correlation analyses were carried out in

a population with Type 1 diabetes.

422 | Association between TIR and diabetes
complications

Reduced TIR is associated with increased risk of microvascular compli-
cations. A retrospective analysis by Beck et al. involving 1440 partici-
pants from the DCCT estimated TIR based on seven daily blood
glucose measurements every three months for a year.”® Participants
with a TIR <30% had a significantly higher incidence of retinopathy
compared to those with TIR 250% (38% vs. 8%). Each 10% reduction
in TIR was associated with a 64% increased risk of retinopathy. Addi-
tionally, 27% of those with a TIR <10% developed microalbuminuria,
compared to 3% of those with a TIR 270%. While this study highlights
an association between TIR and microvascular complications, the data
were based on limited seven-point finger-prick measurements, which

may not fully capture long-term TIR trends.

A study of 3262 people with type 2 diabetes found that reduced
TIR was linked to increased diabetic retinopathy severity, but when
adjusted for HbA1c, no significant difference was observed.”* However,
reduced TIR remained significantly associated with the degree of micro-
albuminuria, even after adjusting for HbA1c. Unlike the previous study
that estimated TIR from blood glucose measurements, this study used
real-time CGM for 3 days. Shah et al.'s 7-year longitudinal analysis con-
firmed the association between TIR and incident diabetic retinopathy.”®
As outlined in a recent systematic review by Yapanis et al., other studies
have also demonstrated higher TIR was associated with reduced risk of
albuminuria, retinopathy, cardiovascular disease mortality, all-cause mor-
tality and abnormal carotid intima-media thickness.”®””? The association
between TIR and both microvascular and macrovascular complications is
becoming increasingly established and has led to increasing recognition
as an important outcome measure in diabetes research, which has been

well summarized in a commentary by Beck.%°

4.2.3 | Benefits of other CGM metrics reported
along with TIR

TIR correlates poorly with metrics related to hypoglycaemia risk such
as TBR and CV. The international consensus statement by Battelino

1.4 recommends that all CGM data should be included in the final

eta
analysis. Reporting TIR along with metrics of hypoglycaemia, including
Level 1 and Level 2 TBR, can be valuable especially in trials involving
populations at risk of hypoglycaemia or interventions that directly
reduce glucose such as sulfonylureas therapy, exercise or insulin.

A United Kingdom database of 8655 patients with diabetes
reported that 7.3% of people with type 2 diabetes on insulin therapy
had at least one episode of severe hypoglycaemia—a comparable fig-
ure to people with Type 1 diabetes (7.1%).28' An IQVIA publication on
a CORE diabetes model simulated clinical outcomes and costs for peo-
ple with diabetes and demonstrated that an improvement in TIR to
>80% and a reduction in hypoglycaemic events by up to 40% can lead
to a reduction in costs of $6.7-9.7 billion over 10 years in USA.2?
Type 2 diabetes is more prevalent than type 1 diabetes, and including
these metrics as part of clinical trials will allow for easier detection of
hypoglycaemia and overall improvement in healthcare costs.

There is no consensus on a clinically meaningful TBR measure,
which likely depends on an individual's frailty and comorbidities.
ICTR guidelines suggest targets of <4% time in hypoglycaemia
(<3.9 mmol/L; 70 mg/dL) and <1% time in severe hypoglycaemia
(<3.0 mmol/L; 54 mg/dL). An observational CGM study in people
with type 2 diabetes found that 49.1% had at least one hypoglycae-
mic episode, with 75% being asymptomatic, which would have been
missed using HbA1c alone.®% The 4-T trial comparing different insu-
lin regimens in people with type 2 diabetes did a subgroup analysis
of the frequency of low-glucose events using CGM with that of
self-reported hypoglycaemic events and found CGM-detected hypo-
glycaemia was several folds higher than self-reported hypoglycaemia
and highlighted the under-reporting and potential hypoglycaemia
unawareness in T2D trials.2* Further observational studies have
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shown CGM metrics including TBR and CV are more predictive of
hypoglycaemia compared to HbAlc alone, which does not capture
GV well®8 A large observational study showed hypoglycaemia
was common at all levels of HbAlc but patients with HbAlc <6%
or 9% appeared to be at highest risk for severe hypoglycaemia.?”
Hypoglycaemia can be associated with unfavourable health out-
comes including a higher risk of falls, fractures, cardiovascular
events and mortality.?” A recent cross-sectional study in patients
with type 2 diabetes has shown patients on insulin and sulfonyl-
ureas, with a HbAlc <7%, had a significantly higher TAR and TBR
compared with those not treated with those agents.8® This provides
a further advantage in using TIR as an outcome measure, especially
for these hypoglycaemia-inducing agents, given other CGM metrics

including TBR are always to be reported along with it.

5 | LIMITATIONS OF TIR AS AN OUTCOME
MEASURE

TIR as a clinical trial metric does have some limitations. TIR strongly
inversely correlates with hyperglycaemia (R = —0.886); however, it
does not represent hypoglycaemia.>” Therefore, TIR as a clinical trial
outcome metric should provide a robust assessment of chronic com-
plication risk, but not of hypoglycaemia.

To address this limitation, Klonoff et al.®8 have proposed a Gly-
caemic Risk Index (GRI) which represents a composite score weighting
very high and very low glucose levels that may be used as a clinical
trial outcome to assess the risk for chronic complications due to expo-
sure to elevated glucose levels and also the risk for hypoglycaemia.
330 expert diabetologists from six continents were invited to rank a
dataset of 14-day CGM tracings from 225 adults with diabetes using
metrics including TBR and TAR to develop this equation. The associa-
tion of GRI with DKA risk has yet to be defined.

However, even a construct such as GRI cannot detail all of the
insights provided by the multiple metrics included in the standardized
CGM report required to guide clinical decisions. For example, the
ambulatory glucose profile (AGP) will provide unique insights regard-
ing patterns of glycaemia according to the time of day, which are
essential to clinical decision-making. Other metrics, including CV,
GMI, TAR and TBR, provide complementary information that can be
used to guide further management; however, these are less validated
as outcome measures so far. Ultimately, however, even a review of all
of the summary metrics included in a standardized report may not be
sufficient, and it may be necessary to assess glycaemic patterns on
individual days while accounting for the circumstances under which
they occur in order to implement fully informed clinical decisions.

An additional advantage of HbA1c as an outcome measure is that
it has been internationally standardized, including the measurement,
reference system and reporting according to the International Federa-
tion of Clinical Chemistry and Laboratory Medicine (IFCC) stan-
dards.® In contrast, studies have shown there are discrepancies in

90,91

glycaemic metrics derived from different CGM models, and there

is no standardization available as yet, making this a further limitation.

HbA1c as an outcome measure requires a single blood sample
that can be readily obtained and is inexpensive to process. In contrast,
TIR as an outcome measure incurs a significant cost. A cost-
effectiveness trial in 2018 has shown CGM devices can cost $15.20
USD/day.”? This financial burden is especially pronounced in coun-
tries with limited research funding, where the allocation of resources
toward advanced technologies may not be feasible. Additionally,
smaller-scale trials or studies conducted by independent researchers
often face significant challenges in securing the necessary funding to
incorporate CGM into their protocols. These economic barriers not
only limit the widespread adoption of TIR as a standard outcome mea-
sure but also contribute to disparities in diabetes research and care,
potentially excluding underfunded regions and populations from
advancements based on this metric. However, the cost-effectiveness
of CGM has been demonstrated in trials, with a threshold of
$100,000 per quality-adjusted life year (QALY) in type 1 diabetes.”? In
insulin-treated type 2 diabetes, CGM offers clinical benefits and
favourable economic outcomes, with a UK study reporting an incre-
mental cost-effectiveness ratio of £3684/QALY.?3?% Studies specifi-
cally looking at the cost-effectiveness of CGM over HbA1c for clinical
trials are yet to be established. Over time, we can hope that advance-
ments in technology and increased accessibility will drive down the
cost of CGM, making its valuable metrics more widely available for
research and clinical practice.

Additional limitations include CGM devices which may not be
readily accessible, where sensors and the processing of data is not
standardized, and where the generation of a meaningful dataset may
take 2 weeks. CGM devices vary in their accuracy particularly on Day
1 post insertion due to local injury at the insertion site, which can
induce an inflammatory reaction that reduces local glucose bioavail-
ability.”® The consistent use of a single CGM device with standardized
insertion procedures in both control and intervention groups will
address these issues.

Finally, while there are increasing data, there are no long-term
prospective randomized controlled trials that have validated the asso-
ciation between TIR and diabetes macrovascular or microvascular
complications. Given the very close relationship of TIR and HbA1c, it
is unlikely that a study such as UKPDS will be repeated with TIR
incorporated as an outcome measure. It is more likely that post-
marketing observational analyses using information from the very
large platforms to which CGM devices are uploaded will provide con-
firmatory evidence of the relationship of TIR with chronic complica-

tion development.

6 | INTERPRETING TIR CHANGES IN
CLINICAL TRIALS

6.1 | International consensus statement on
interpretation of clinically meaningful TIR changes

A recent international consensus statement by Batellino et al. pro-

vides recommendations on the use of CGM and its metrics in clinical
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FIGURE 3 Reporting of clinically
significant time in range and time below
range outcomes in clinical

trials - recommendations from the
International Consensus of Time in Range
(ICTR). Individual difference = 25%
change in time in range in an individual
participant in a study or clinical trial is
considered clinically significant. Treatment
group difference = 23% difference in the
time in range between two groups in a
clinical trial or study is considered
clinically significant.

Treatment grou
Individual difference P >4% Time at
o difference
25% i <3.9 mmol/L
= 3%

>1% Time at
<3.0 mmol/L

trials for type 1 and type 2 diabetes.® They encourage the use of TIR
as an outcome measure given it is instantly sensitive to dietary, life-
style and pharmacological modifications that can be seen in a clinical
trial environment as well as the association with diabetes complica-
tions as outlined above. Battelino et al.> have also made recommenda-
tions on the interpretation of clinically meaningful TIR targets and
changes in TIR following an intervention (Figure 3). ‘A difference of
>5% (absolute percentage points) in TIR is considered clinically mean-
ingful for an individual participant in a clinical study’.% They based this
conclusion on the DCCT trial retrospective analysis of 7-point blood
glucose monitoring study outlined above, that related the change of
percentage TIR to a clinically meaningful HbAlc and diabetes compli-
cations.”® They found that the difference in mean TIR between those
who developed retinopathy and microalbuminuria and those who did
not was 10-12%, corresponding to an HbA1c difference of 1.0-1.4%.
Although TIR differences of 5% were not analysed, it is plausible that
the international consensus panel chose it as a more conservative
measure. In clinical trials, a HbA1c improvement of 20.5% with a ther-
apeutic intervention is considered to be clinically significant according
to the ADA and NICE guidelines?®?” and therefore the correlation of
HbA1c and TIR found by Vigersky et al.,”* 20.4%-0.5% would corre-
spond to a change in TIR of ~5%. In terms of study populations, a
between-group difference of 23% is considered clinically significant,
and studies can be adequately powered to detect this. This was based

on consensus opinion from the expert panel of the ICTR.

6.2 | Trials looking at TIR as an outcome measure
in Type 2 diabetes

Table 1 summarizes recent meta-analyses and randomized trials using

TIR as a primary or secondary outcome. A systematic review and

|19

meta-analysis by Karakasis et al.”” of nine randomized trials

comparing once-weekly versus once-daily insulin analogues found
that once-weekly insulin significantly increased TIR (MD 3.54%, 95%
Cl 1.56, 5.53; p = 0.005), meeting ICTR's clinically meaningful thresh-
old (>3%). However, HbAlc reductions (MD 0.13%, 95% CI 0.23,
0.03; p = 0.08) were neither statistically nor clinically significant.’
The once-weekly insulins were associated with higher odds of level
1 hypoglycaemia, an important consideration to make when prescrib-
ing this insulin for a higher hypoglycaemia risk population.

A randomized trial comparing dapagliflozin and gliclazide MR in
135 participants with uncontrolled type 2 diabetes found that dapagli-
flozin increased TIR by 24.9%, compared to 17.4% in the gliclazide
group—a clinically significant 7.5% difference based on ICTR recom-
mendations.*® However, HbA1c showed no significant change from
baseline in either group. While TBR was not compared due to most
values being zero, incident hypoglycaemic episodes were significantly
higher in the gliclazide group (25.0% vs. 2.2%, p = 0.001). The inci-
dence of hypoglycaemia was defined as either at least 15 continuous
minutes of CGM readings <3.9 mmol/L or participant-reported hypo-
glycaemia, which were symptomatic episodes reported at each study
visit or additionally measured glucose <3.9 mmol/L.

Both studies were greater than 3 months in duration, making
HbA1c valid to use. The two studies above highlight the ability of
TIR as a metric of glycaemic quality to provide a level of precision
when assessing exposure to hyperglycaemia above that of HbAlc in
addition to the wealth of information provided by other CGM met-
rics relating to hypoglycaemia, GV and patterns across the diurnal
cycle.

Several trials using TIR as a primary outcome have shown align-
ment with HbAlc outcomes. A randomized trial of liraglutide in
124 participants with type 2 diabetes on multiple daily insulin injec-
tions (MDI) found a significantly higher TIR in the liraglutide group
(66.6% vs. 48.3%, p < 0.001) and a corresponding HbA1c reduction
(57.8 vs. 68.7 mmol/L, p < 0.001). Time in hypoglycaemia (<3.9 mmol/
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L) was similar between the groups.49 Another study by Kawaguchi
et al. on 36 patients with type 2 diabetes compared insulin degludec/
liraglutide and insulin glargine/lixisenatide, used TIR as a primary out-
come measure and found no significant differences between groups
in TIR or HbA1c.*® The SWITCH PRO trial by Goldenberg et al. com-
paring insulin glargine to insulin degludec in patients with type 2 dia-
betes and 21 hypoglycaemia risk factor reported a slightly higher TIR
for degludec (72.1% vs. 70.7% for glargine), with a small but statisti-
cally significant HbA1c difference (7.1% vs. 7.2%).** They also found
degludec had a lower nocturnal TBR compared with glargine and sig-
nificantly lower nocturnal hypoglycaemic episodes. This demonstrates
how TIR can provide complementary insights to HbA1c by providing
the TBR metric.

Recent trials have used TIR as the primary outcome without
reporting HbA1lc differences. A crossover randomized trial with
24 patients with type 2 diabetes compared the efficacy of insulin
degludec/aspart (IDegAsp) and insulin degludec/liraglutide (IDeglLira)
in managing postprandial glucose.®> The study found a higher TIR in
the IDeglLira group (86.3% vs. 76.3%, p = 0.009) and lower postpran-
dial glucose levels at breakfast and lunch, with no significant differ-
ences in TBR. The use of CGM allowed for a detailed comparison of
postprandial glucose and TIR, offering valuable insights beyond
HbA1c. The increasing use of TIR provides additional, clinically signifi-

cant data on interventions.

6.3 | What are the other alternatives to TIR?

GMI and TIR can provide complementary insights into glycaemic pat-
terns. Discordance between TIR and GMI should prompt further
exploration of the GV and TBR values. For example, Figure 4A shows

the ambulatory glucose profile of a case with a reasonable GMI of
7.4% but below target TIR of 48%. Further evaluation of supporting
CGM metrics reveals significant GV of 45.5%, including both high
(15%) and low (3%) glucose excursions. Unlike HbA1c, GMI is unaf-
fected by hemoglobinopathies or anaemia, and studies in type 1 diabe-
tes have shown good alignment with lab-measured HbA1c, as long as
no major events have influenced blood glucose levels.’? However,
other studies have shown it is identical to Hbalc only 19% of time.”®
A prospective study looking at GMI in 144 adults with obstructive
sleep apnoea and type 2 diabetes not using insulin found only a mod-
erate correlation between HbAlc and GMI (r = 0.68-0.71), with
36%-43% of participants having a 20.5 percentage point difference
between the metrics.” This difference needs to be considered to avoid
hypoglycaemia, as GMI has not yet been fully validated as an outcome
measure or linked to long-term complications.

Another alternative to TIR is a newer metric named time in tight
glucose range (TITR), which is defined as a glucose level between 3.9
and 7.8 mmol/L (70-140 mg/dL) with a target recommendation of
>50% of time per day. This range was based on studies in people with-
out diabetes that have shown they spend 96% of their time between
3.9 and 7.8 mmol/L; therefore, it is suggested this would be a more
accurate measure of euglycemia.?” This new range is yet to
be incorporated into consensus recommendations; however, some
studies have shown its correlation with TIR,*°>1°* and HbA1c.2%? A ret-
rospective study of 13 461 individuals with type 1 diabetes using the
Medtronic 780G insulin pump reported TITR targets of ~45%, ~50%
and ~55%, correlating with GMI estimates of <7.0%, <6.8% and <6.5%,
respectively, making >50% a reasonable target.2°? TITR has been asso-
ciated with diabetes-related complications. A recent cross-sectional
analysis of 1067 individuals with type 1 diabetes found that each 10%
in TITR was linked to a

increase lower risk of microvascular
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complications (OR 0.762; 95% Cl 0.679-0.855; p < 0.001) and stroke,
even after adjusting for HbA1c!%® This highlights TITR's potential as a
valuable marker for long-term diabetes outcomes, though its limitations
align with those of TIR, as outlined above.

Glycaemic Risk Index (GRI) is another more recent composite
metric that can be considered an outcome measure. A benefit of
GRI is that it gives more importance to the risk of hypoglycaemia
compared to the risk of hyperglycaemia, which is an important com-
ponent TIR lacks. A recent cohort study by Wang et al. in 1204
adults with type 2 diabetes without diabetic retinopathy found that
for each 1 standard deviation increase in GRI, there was a 20%
increase in retinopathy.’®® Further randomized trials and longer-
term studies are required to validate GRI with other microvascular
and macrovascular diabetes complications to consider it as a primary
outcome measure.

The final outcome measure to consider is glycaemic variability
(GV), which reflects the degree of glucose fluctuation and is measured
by %CV. A recent analysis of CGM data from 2559 patients with type
2 diabetes revealed a strong inverse correlation between TIR and esti-
mated HbA1c (eHbA1c) (r = —0.908). However, this relationship was
influenced by glycaemic variability (GV). Specifically, in patients with
unstable glucose levels (CV >36%), TIR exhibited high variability, sug-
gesting that GV may mediate the relationship between TIR and
eHbA1c.2% This highlights the potential importance of considering
GV in clinical assessments. GV has been strongly associated with the

% and is

risk of hypoglycaemia, particularly during insulin therapy,®
linked to an increased risk of adverse cardiovascular outcomes, pri-
marily due to hypoglycemia.*®” While GV is a useful marker for hypo-
glycaemia and can be considered alongside TIR for a comprehensive
view of overall glycaemic management, it does not effectively capture
hyperglycaemia on its own. Additionally, GV has not yet been defini-
tively associated with long-term diabetes complications, warranting

further studies.

7 | CONCLUSIONS

We propose that TIR should be considered a primary research outcome
for trials in people with type 2 diabetes where CGM is available. Given
that the international consensus defines TIR targets similarly for both
T1D and T2D, most arguments presented in this manuscript broadly
apply to both conditions. TIR offers key advantages: it captures short-
term glycaemic fluctuations, remains reliable in those with hemoglobin-
opathies or anaemia, supports personalized glycaemic assessment and
correlates with HbA1c. Other CGM glycaemic metrics generated simul-
taneously at no extra cost or effort provide important insights which
HbA1c does not. Leading global endocrinology and diabetes associa-
tions back its use as a validated outcome measure. As technology
advances with less intrusive, more accurate, and less expensive devices,
TIR on CGM is poised to become the gold standard for glycaemic
assessment, driving better clinical outcomes. However, additional ran-

domized trials are essential to establish its association with diabetes

complications and form guidelines for its use in type 2 diabetes
research. Other metrics still need validation before they can be widely

adopted in diabetes studies.
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