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Abstract

Background: International consensus recommends a set of continuous glucose monitoring (CGM) metrics to assess quality
of diabetes therapy. The impact of individual CGM sensors on these metrics has not been thoroughly studied yet. This post
hoc analysis aimed at comparing time in specific glucose ranges, coefficient of variation (CV) of glucose concentrations, and
glucose management indicator (GMI) between different CGM systems and different sensors of the same system.

Method: A total of 20 subjects each wore two Dexcom G5 (G5) sensors and two FreeStyle Libre (FL) sensors for 14days
in parallel. Times in ranges, GMI, and CV were calculated for each |4-day sensor experiment, with up to four sensor
experiments per subject. Pairwise differences between different sensors of the same CGM system as well as between sensors
of different CGM system were calculated for these metrics.

Results: Pairwise differences between sensors of the same model showed larger differences and larger variability for FL than
for G5, with some subjects showing considerable differences between the two sensors. When pairwise differences between
sensors of different CGM models were calculated, substantial differences were found in some subjects (75th percentiles of
differences of time spent <70 mg/dL: 5.0%, time spent >180mg/dL: 9.2%, and GMI: 0.42%).

Conclusion: Relevant differences in CGM metrics between different models of CGM systems, and between different
sensors of the same model, worn by the same study subjects were found. Such differences should be taken into consideration
when these metrics are used in the treatment of diabetes.
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Introduction Time within specific glucose ranges is increasingly
often used as a marker for glycemic control in patients
with diabetes, with international consensus statements
encouraging wider use as a more meaningful marker for
glycemic control than HbAlc.? According to international
consensus statements,>* use of the following glucose
ranges is recommended for nonpregnant persons with dia-
betes: <54 mg/dL (time below range [TbR] level 2), 54 to

Optimization of diabetes therapy helps people with diabetes
mellitus in reducing the risk of short-term and long-term
complications.! The quality of diabetes therapy can be esti-
mated from different parameters, for example, the amount of
glycated hemoglobin (HbAlc) and the number of severe
hypoglycemic episodes. When continuous glucose monitor-
ing (CGM) is used in diabetes therapy, glucose levels can be
tracked around the clock, providing some advantages over
self-monitoring of blood glucose (BG) or HbAlc monitor-
ing. As Agiostratidou et al,? for example, point out in their
2017 consensus publication on measures beyond HbAlc, Corresponding Author:
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<70 mg/dL (TbR level 1), 70 to 180 mg/dL (time in range
[TiR]), >180 to 250 mg/dL (time above range [TaR] level
1), and >250mg/dL (TaR level 2). Some years ago, the
estimated Alc was introduced to estimate HbAlc from
CGM values. This parameter was recently updated and
renamed “glucose management indicator” (GMI),> and it
is recognized as a valuable parameter for the assessment
of diabetes therapy quality.® Glycemic variability is an
aspect of glycemic control, because glucose concentra-
tions should not only be acceptable on average, but glyce-
mic excursions should also be minimized.” The coefficient
of variation (CV) has been proposed as a marker for gly-
cemic variability, with a threshold of 36% for categoriza-
tion of stable (CV <36%) and unstable (CV =36%)
variability.3

These parameters and the recommendation for their use
are based on clinical evidence gathered over long periods
with different models of CGM systems. Considering that the
level of analytical performance varies between the different
models of CGM systems, this raises the question how large
the impact of an individual model of CGM systems on these
parameters is. This question is currently not answered in
international consensus statements.

The aim of this post hoc analysis was to assess TiR, TbR,
TaR, GMI, and CV as markers for glycemic control based on
data from two different models of CGM systems.

Materials and Methods

Data from a clinical trial comparing the measurement
accuracy of two different CGM systems, whose major
outcomes were previously published,®® were used to
assess different CGM metrics as reported by the two dif-
ferent CGM systems. Metrics of interest were time in dif-
ferent glycemic ranges (TiR, TbR, and TaR), GMI, and
CV as a marker for glycemic variability. The original trial
was registered in the German Clinical Trial Register
(“Deutsches Register Klinischer Studien,” DRKS) with
the registration number DRKS00011920, an approved
Primary Register in the WHO International Clinical Trials
Registry Platform.

Study Design

In this study, 20 subjects with type 1 diabetes on either
multiple daily injections or insulin pump were enrolled.
Participants wore two devices each of two different CGM
systems: the Dexcom G5 (G5) system (Dexcom Inc.,
San Diego, CA, USA) and the first-generation FreeStyle
Libre (FL) system (Abbott Diabetes Care, Alameda, CA,
USA). G5 is a real-time CGM system, displaying current
glucose values every five minutes, whereas FL is an inter-
mittently scanned CGM system that displays current val-
ues upon placing the reader near the sensor. Additionally,

FL continuously stores glucose data every 15 minutes. The
study design is described in detail in the main outcome
publication.®

The devices were worn in parallel for 14 days each, and
G5 sensors were replaced after seven days of use following
manufacturers’ labeling. Following manufacturers’ labeling,
G5 was worn on the abdomen and FL was worn on the arms.
Application sites were labeled “left” and “right” to distin-
guish between the sensor experiments. The replacement G5
sensors applied after seven days were placed near the previ-
ous application site, but application sites did not overlap. A
sensor experiment was defined as data from two succes-
sively worn G5 sensors at the same application site and as
data from one individual FL sensor, respectively. An exam-
ple graph is provided in Figure 1.

G5 was calibrated twice daily with BG values obtained
with a FreeStyle Freedom Lite system (Abbott Diabetes
Care). The BG monitoring system’s analytical perfor-
mance was characterized before-hand in a study based on
ISO 15197:2013. In that characterization, the system
exhibited a bias according to Bland and Altman!® of —4.9%
(95% limits of agreement: —13.1% to +3.3%) against a
hexokinase-based laboratory analyzer, with 100% of
results falling within =15mg/dL or £15% of the com-
parison method result. Daily checks with Standard
Reference Material 965b (National Institute of Standards
and Technology, Gaithersburg, MD, USA) confirmed
small bias (=1.8%) and small imprecision (=1.3%) of the
laboratory analyzer.

All treatment decisions were based on capillary BG
values.

Data Analysis

The continuously stored data from G5 and FL were down-
loaded and analyzed. Based on international consensus,’
data from participants were excluded from further analysis
if they did not capture =80% of all possible glucose data
points. The maximum possible number of data points was
Noavgs — 4032 (14 days times 288 values per day) for GS,
whereas it was n = 1344 (14 days times 96 values per
day) for FL.

Time within specific glucose ranges was calculated as
the number of data points within the specific glucose
range divided by the total number of data points for each
sensor experiment (see above), separately, in agreement
with a recent international consensus.>* The following
times in ranges were calculated: <54mg/dL (TbR_,,),
=54 to <70mg/dL (TbR,, _,,), <70mg/dL (TbR_.)),
=70 to =180mg/dL (TiR, ), >180mg/dL (TaR
>180 and =250mg/dL (TaR
(TaR>,5,).

GMI was calculated as outlined by Bergenstal et al based
on each individual sensor experiment’s mean glucose value.’

max,FL

>180)’

~180-250), and >250mg/dL
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Figure |. Example of glucose concentration trace in one subject.
cap. BG, capillary blood glucose; FL, FreeStyle Libre; G5, Dexcom G5.

CV was also calculated for each sensor experiment sepa-
rately as the standard deviation of that experiment’s glucose
concentrations divided by their mean value.

Descriptive statistics were calculated for all of these
parameters: minimum, 25th percentile, median, 75th per-
centile, and maximum. In addition, CV was categorized as
indicating stable (CV <36%) or unstable (CV =36%) gly-
cemic variability, in agreement with international consensus
statements.’

Data from all sensor experiments were analyzed sepa-
rately. In an additional analysis, the absolute values of paired
differences between TbR/TiR/TaR/GMI/CV of the same
type of CGM system (ie, “left” G5 vs “right” G5 in the same
subject and “left” FL vs “right” FL in the same subject) as
well as between the two types of CGM in the same subject
(ie, “left” G5 vs “left” FL, “left” G5 vs “right” FL, “right”
G5 vs “left” FL, and “right” G5 vs “right” FL) were
calculated.

Although differences are provided in percent, they do
relate to differences calculated in the unit of expression,
which is percent for TiR, GMI, and CV, that is, percentage
points, and they do not indicate relative changes.

Results

Comparison of CGM Metrics Separated by CGM
System Model

For G5, 39 out of 40 possible sensor experiments were ana-
lyzed, whereas 34 out of 40 FL sensor experiments were ana-
lyzed. Detailed results are provided in Table 1.

Although the median TbR_,, was similar between G5
and FL (5.3% vs 5.5%, corresponding to ~80 minutes per
day), the range of TbR values was considerably different.

For example, the 75th percentile of TbR_,, was 7.3%
(105 minutes per day) for G5 and 9.3% (133 minutes) for
FL. Maximum TbR_,; was even more markedly different.
G5 showed slightly higher TiR,, ¢, than FL as minimum,
median, and maximum values for TiR,, ., were larger for
G5 than for FL.

GMI values were comparable for at least 50% of sub-
jects (indicated by the 25th and 75th percentiles), although
G5 provided a slightly wider range of GMI values
than FL.

Categorizing sensor experiments into “stable” and “unsta-
ble” glycemic variability based on CV showed that this cat-
egorization was similar between G5 and FL.

Paired Differences of CGM Metrics Within the
Same CGM System Model

In total, pairwise comparison of the two sensor experiments
captured by the same CGM system model was possible for
19 subjects for G5 and for 15 subjects for FL. Detailed results
are shown in Table 2.

For FL, the median paired difference in the different TbR,
TiR, and TaR measures was 1.0% to 4.0% (14 to 57 minutes
per day), whereas for G5, it was considerably smaller. The
75th percentile for differences in these measures ranged from
0.6% to 2.3% for G5, and from 1.4% to 5.1% for FL.
Variability in differences in TiR, TbR, and TaR measures was
markedly more pronounced in FL than in G5. An example
graph for the impact of the model of CGM system on TbR _,
is shown in Figure 2.

Paired differences for GMI also showed larger variability
for FL than for G5. The 75th percentile for differences in
GMI was 0.11% for G5 and 0.33% for FL (absolute
differences).
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Table I. Summary of CGM Metrics, Including Time in Various Glycemic Ranges, GMI, and CV (Also Categorized as Either Stable or

Unstable), Based on Individual Sensor Experiments.

G5 FL
25th 75th 25th 75th
CGM metric Min. percentile Median percentile Max. n Min. percentile Median percentile Max. n
Mean CGM glucose 114.0 131.6 142.4 157.2 211.0 39 93.6 130.4 140.6 156.9 182.4 34
(mg/dL)
SD of CGM glucose 328 47.7 55.8 64.7 76.2 39 38.6 48.5 56.9 64.3 76.6 34
(mg/dL)
CV of CGM glucose 27.2% 35.7% 37.9% 41.2% 43.8% 39 29.2% 35.5% 39.1% 42.1% 53.7% 34
TbR_,, 1.1% 2.9% 5.3% 7.3% 12.3% 39 0.3% 2.9% 5.5% 9.3% 39.3% 34
TiR;o 160 32.3% 60.5% 70.9% 77.1% 91.7% 39 51.7% 60.2% 67.3% 77.0% 87.5% 34
TaR_ g 3.4% 15.3% 22.1% 31.8% 65.5% 39 5.8% 15.1% 22.4% 32.1% 47.7% 34
TbR_, 0.0% 0.3% 1.0% 2.0% 4.0% 39 0.0% 0.4% 1.0% 2.4% 23.9% 34
TbR, 70 0.9% 2.5% 4.0% 5.1% 8.4% 39 0.3% 2.6% 5.0% 6.5% 15.4% 34
TaR_ 50050 3.1% 12.9% 18.2% 23.3% 39.0% 39 5.8% 12.7% 18.4% 23.6% 30.6% 34
TaR_ g, 0.1% 2.1% 4.7% 9.0% 28.9% 39 0.0% 1.9% 4.5% 8.6% 18.4% 34
GMI 6.04% 6.46% 6.72% 7.07% 836% 39 5.55% 6.43% 6.67% 7.06% 7.67% 34
CV category Stable: 12 Unstable: 27 Stable: 10 Unstable: 24
Abbreviations: CGM, continuous glucose monitoring; CV, coefficient of variation; FL, FreeStyle Libre; G5, Dexcom G5; GMI, glucose management indicator; SD, standard
deviation; TaR, time above range; TbR, time below range; TiR, time in range.
TbR<70, time spent <70 mg/dL; TiR7o-|ao' time spent between 70 and 180 mg/dL; TaR>|80, time spent >180mg/dL; TbR<54, time spent <54 mg/dL; TbR54><7o, time spent =54
and <70mg/dL; TaR_ g9 ,c, time spent >180 and =250 mg/dL; and TaR_,,, time spent >250 mg/dL.
Table 2. Summary of Paired Differences in CGM Metrics Between Sensors of the Same Model Within the Same Subject.
G5 FL
CGM metric Min. 25th percentile  Median  75th percentile  Max. n Min. 25th percentile  Median  75th percentile Max. n
Mean CGM glucose (mg/dL) 0.1 1.6 3.6 48 72 19 1.4 44 82 13.6 45.6 15
SD of CGM glucose (mg/dL) 0.0 0.8 1.7 4.0 10.5 19 0.1 1.5 2.1 5.8 19.3 15
CV of CGM glucose 0.1% 0.4% 0.8% 1.8% 6.4% 19 0.2% 1.0% 1.8% 2.5% 3.7% 15
TbR_,o 0.1% 0.4% 0.5% 1.1% 1.8% 19 0.0% 1.5% 2.6% 5.1% 22.8% 15
TiRso 180 0.0% 0.9% 1.7% 2.3% 5.9% 19 0.1% 1.4% 2.2% 4.3% 10.4% 15
TaR_ g 0.1% 0.8% 1.6% 2.3% 4.6% 19 0.6% 2.1% 4.0% 5.0% 15.5% 15
TbR g, 0.0% 0.1% 0.3% 0.6% 1.2% 19 0.0% 0.3% 1.0% 1.4% 14.1% 15
TbRy, _70 0.0% 0.2% 0.3% 0.6% 1.2% 19 0.2% 1.0% 2.0% 3.3% 8.7% 15
TaR_ g9550 0.3% 0.7% 1.7% 1.9% 2.6% 19 0.1% 1.3% 1.9% 4.7% 14.8% 15
TaR_ 5, 0.1% 0.3% 0.7% 2.2% 4.0% 19 0.1% 0.8% 1.5% 2.0% 6.9% 15
GMI 0.00% 0.04% 0.09% 0.11% 0.17% 19 0.03% 0.11% 0.20% 0.33% 1.09% 15
CV category identical? Yes: 15 No: 4 Yes: 15 No: 0

Differences for time spent in various glycemic ranges, for glucose management indicator (GMI), and for coefficient of variation (CV) are shown as absolute changes (ie,

percentage points). CV was categorized as either stable or unstable.

Abbreviations: CGM, continuous glucose monitoring; FL, FreeStyle Libre; G5, Dexcom G5; SD, standard deviation; TaR, time above range; TbR, time

below range; TiR, time in range.

TbR_,,, time spent <70mg/dL; TiR,, ., time spent between 70 and 180mg/dL; TaR_ 4, time spent >180mg/dL; TbR_.,, time spent <<54mg/dL;
TbR, o time spent =54 and <70mg/dL; TaR_ g/ ., time spent >180 and =250 mg/dL; and TaR_,,, time spent >250mg/dL.

When CV values were categorized into “stable” and
“unstable” glycemic variability, however, the categorization
was independent from the individual sensor for FL, whereas
in four subjects, G5 values indicated different categories.
Paired differences in CV as measured by the G5 sensors in
these four subjects ranged from 1.3% to 6.4% (absolute
differences).

Paired Differences of CGM Metrics Between
Different CGM System Models

For a total of 66 pairings, paired differences were calculated.
Detailed results are shown in Table 3.

Although there was at least one subject in which two
sensor experiments from different CGM system models
yielded near-identical results, median TbR _,; and TaR_ ¢,
differed by 2.4% and 5.6%, respectively, corresponding to
35 and 81 minutes per day, respectively. The maximum
paired difference (ie, the worst-case scenario of this pair-
wise comparison) in TiR, TbR, and TaR differed by 17.3%
to 32.5%, corresponding to more than 4 hours and more
than 7.5 hours per day, respectively. GMI differed by up to
1.13% (absolute differences), with a 75th percentile of
0.42%.

In nearly 80% of paired comparisons, CV categoriza-
tion yielded the same result. For those comparisons where
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Figure 2. Example for relevant differences in time below 70 mg/
dL between different models of CGM systems and sensors.
cap. BG, capillary blood glucose; FL, FreeStyle Libre; G5, Dexcom G5.

Table 3. Summary of Paired Differences in CGM Metrics
Between All Possible Combinations of Dexcom G5 Sensor
Experiments and FreeStyle Libre Sensor Experiments Within the
Same Subject.

All
25th 75th

CGM metric Min.  percentile Median percentile =~ Max. n
Mean CGM 0.1 5.5 9.0 17.4 47.1 66

glucose (mg/

dL)
SD of CGM 0.1 29 4.6 79 159 66

glucose (mg/

dL)
CV of CGM 0.0% 1.0% 2.8% 4.1% 9.9% 66

glucose
TbR_,, 0.2% 1.1% 2.4% 5.0% 325% 66
TiR,0 g0 0.1% 2.2% 4.8% 7.8% 21.5% 66
TaR_ g 0.3% 3.1% 5.6% 9.2% 17.3% 66
TbR_,, 0.0% 0.3% 1.0% 1.9% 222% 66
TbR,, 50 0.0% 0.6% 1.4% 2.8% 10.2% 66
TaR_ 5050 0.3% 2.1% 3.5% 6.1% 14.8% 66
TaR_,q, 0.0% 0.8% 2.0% 3.9% 82% 66
GMI 0.00% 0.13%  0.21% 0.42% 1.13% 66
CV category Yes: 52 No: 14

identical?

Differences for time spent in various glycemic ranges, for glucose
management indicator (GMI), and for coefficient of variation (CV) are
shown as absolute changes (ie, percentage points). CV was categorized as
either stable or unstable.

Abbreviations: CGM, continuous glucose monitoring; SD, standard
deviation; TaR, time above range; TbR, time below range; TiR, time in
range.

TbR_,,, time spent <70mg/dL; TiR,, 4, time spent between 70 and
180mg/dL; TaR_ 4, time spent >180mg/dL; TbR<,,, time spent <54mg/
dL; TbR,, _,, time spent =54 and <70mg/dL; TaR_ 4, ,s,, time spent > 180
and =250mg/dL; and TaR_,.,, time spent >250mg/dL.

CV categorization yielded different results, the paired dif-
ferences in CV ranged from 1.9% to 7.8% (absolute
differences).

Discussion

CGM provides the opportunity of assessing quality of diabe-
tes therapy through multiple different metrics. However, fac-
tors that influence the reliability of such assessments should
be kept in mind. In a study comparing metrics based on
SMBG and on CGM data, Avari et al found significant dif-
ferences in TiR.'"" While their finding is influenced by glu-
cose sensing modalities and calculation procedures, their
work raises the question whether relevant differences also
exist between different models of CGM system. This post
hoc analysis of CGM data indicates that the specific model
of CGM system is one of these influencing factors. Michalak
et al'? came to a similar conclusion analyzing data from chil-
dren with type 1 diabetes who used two different models of
CGM system. In addition, this post hoc analysis indicates
that there might even be relevant sensor-to-sensor differ-
ences when using the same model of CGM system.

In this study, G5 showed smaller differences in CGM
metrics TbR/TiR/TaR, GMI, and CV between sensors of the
same model worn in parallel by the same subject than FL.
This might be influenced by G5 being manually calibrated
every 12hours, so that twice daily, glucose levels as shown
by G5 were forcefully matched. This was not possible for
FL, which is factory-calibrated. Interestingly, the categoriza-
tion of glucose control as “stable” or “unstable” based on CV
was different for some subjects depending on which G5 sen-
sor’s data were used, but this was not the case for FL.
Considering that the international consensus on glycemic
targets’ states that patients with type 1 and type 2 diabetes
should spend less than 4% of the time at glucose concentra-
tions below 70mg/dL, median differences in that metric of
only 2.4%, as found for the comparison between different
models of CGM systems, can lead to relevant adjustments of
diabetes therapy, solely based on the model of CGM system
used. Generally, HbAlc changes of 0.5% are considered
clinically relevant,” although, sometimes, smaller changes
may lead to therapy adjustments.'* In this context, the 75th
percentile for differences in GMI between different models
of CGM systems of 0.42% (absolute differences) indicates
that in a relevant number of cases, therapy adjustments might
have been performed, again, solely based on the model of
CGM system used.

HbA Ic¢ is primarily used to assess quality of long-term gly-
cemic control. Additionally, since HbAlc was shown to cor-
relate with clinical outcomes in the landmark Diabetes Control
and Complications Trial," it has been established as surrogate
parameter for a range of other endpoints. Its increasing use as
outcome parameter in past clinical studies resulted in large
amounts of clinical evidence. However, different mechanisms
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that are known to affect HbAlc, for example, lifespan of
erythrocytes, or blood disorders, have to be kept in mind,'®!7
and there seems to be considerable variation among HbAlc
assays.'® For TiR, as well as for GMI, such large amounts of
data have to be gathered in the future, and influencing factors
have to be studied. Transferring the clinical evidence gathered
for HbAlc to TiR and/or GMI might not be adequate or pos-
sible, for example, because of the inexact relationship between
HbAlc and TiR as well as HbAlc and GMI,'" and the influ-
encing factors that compound all of these parameters. Whereas
there are standardized methods and procedures to measure
HbAlc, such standardization is still missing for CGM sys-
tems. While some CGM systems are calibrated with self-mon-
itored BG values in capillary blood, other systems seem to
exhibit smaller measurement differences when compared to
venous BG.?° Reference methods that directly measure in the
interstitial fluid have yet to be established, so that traceability
to higher order methods and materials remains unclear. In this
study, G5 was manually calibrated per manufacturer’s labeling
using a FreeStyle Freedom Lite system. Selecting a BG moni-
toring system manufactured by the same company as FL did
likely lead to a reduction in systematic differences in glucose
concentrations (“bias”) between G5 and FL. If a BG monitor-
ing system manufactured by another company was used, or a
BG monitoring system with more/less bias against the hexoki-
nase method, the differences in CGM metrics between G5 and
FL might have been more pronounced. In light of these influ-
ences of CGM performance on perceived quality of therapy,
there is a clear need for standardization of the output of CGM
systems. Efforts are currently made, for example, by the IFCC
Working Group on CGM as well as the Clinical and Laboratory
Standards Institute (CLSI), who called for an update of its
POCTOS5 guideline.?!

These issues have to be handled adequately, so that physi-
cians can make maximum use of CGM systems and the met-
rics derived from CGM datasets. Additionally, user handling
of CGM systems has to be taken into consideration. For
example, manually calibrated CGM systems, like G5 in the
presented study, should be calibrated according to manufac-
turer’s instructions, that is, during times of sufficiently stable
glucose concentrations, at least twice daily, and with high-
quality BG values. The FL system used in this study had to
be scanned at least once every eight hours, otherwise data
gaps could occur, because only the last eight hours’ worth of
continuous data were stored. If FL users liked to sleep longer
than eight hours, this would result in systematic gaps in
CGM data in the early night, which could affect reliability of
derived CGM metrics.

Some limitations apply to this study. The total duration of
14 days, while sufficient in the context of the international
consensus statement on the use of CGM, was comparably
short. In addition, few individual FL sensors did exhibit con-
siderable deviations from the BG monitoring system’s
results. Users who perform confirmatory BG measurements

might have prematurely replaced these sensors in their daily
life. Another potential influence is that the G5 system used in
the study was manually calibrated. Although subjects were
trained in the use of the system, and 6 of the 14 study days
were performed in-clinic with supervised calibrations,? the
possibility of erroneous calibrations cannot be fully excluded.
A larger number of subjects, that is, more than the 20 sub-
jects in this study, would allow for better generalization of
this study’s findings.

In summary, this post hoc analysis revealed relevant dif-
ferences in CGM metrics between different models of CGM
systems, and between different sensors of the same model,
worn by the same study subjects. Such differences should be
taken into consideration when these metrics are used in the
treatment of diabetes. Furthermore, efforts should be made to
standardize measurement methods and traceability in CGM
systems, so that such differences are minimized as best as
possible.
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