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Abstract

Background:

This study is aimed at comparing the performance of three continuous glucose monitoring (CGM)
systems following the Clinical and Laboratory Standards Institute’s POCT05-A guideline, which provides
recommendations for performance evaluation of CGM systems.

Methods:

A total of 12 subjects with type 1 diabetes were enrolled in this study. Each subject wore six CGM systems in
parallel, two sensors of each CGM system [FreeStyle Navigator™ (Navigator), MiniMed Guardian® REAL-Time
with Enlite sensor (Guardian), DexCom™ Seven® Plus 3rd generation (Seven Plus)]. Each sensor was used for
the lifetime specified by the manufacturer. To follow POCT05-A recommendations, glucose excursions were
induced on two separate occasions, and venous and capillary blood glucose (BG) concentrations were obtained
every 15 min for five consecutive hours. Capillary BG concentrations were measured at least once per hour
during the day and once at night. Parameters investigated were CGM-to-BG differences [mean absolute relative
difference (MARD)] and sensor-to-sensor differences [precision absolute relative difference (PARD)].

Results:

Compared with capillary BG reference readings, the Navigator showed the lowest MARD, with 12.1% overall
and 24.6% in the hypoglycemic range; for the Guardian and the Seven Plus, MARD was 16.2%/34.9% and
16.3%/32.7%, respectively. PARD also was lowest for the Navigator (9.6%/9.8%), followed by the Seven Plus
(16.7%/25.5%) and the Guardian (18.1%/20.2%). During induced glucose excursions, MARD between CGM and
BG was, again, lowest for the Navigator (14.3%), followed by the Seven Plus (15.8%) and the Guardian (19.2%).

Conclusions:

In this study, two sensors of each of the three CGM systems were compared in a setting following POCT05-A
recommendations. The Navigator CGM system achieved more accurate results than the Guardian or the Seven
Plus with respect to MARD and PARD. Performance in the hypoglycemic range was markedly worse for all
CGM systems when compared with BG results.
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Background

Relevant factors in the selection of a continuous glucose monitoring (CGM) system include accuracy of the glucose
measurements and reliability of the CGM system. In 2008, the Clinical and Laboratory Standards Institute published
POCTO05-A, which provides recommendations for study design and parameters of interest in the performance evaluation
of CGM systems.!

Multiple studies investigating CGM systems were published over the years;>! only one claimed to use procedures
recommended in POCT05-A."* A comparison of these studies, however, is difficult due to variations in subject groups!! and
study design, including use of different devices for calibration of CGM systems and for reference measurements, either
overall or for different study phases.2*6-1012131617 Gjven that comparability of different CGM systems is heavily influenced
by these factors, it is thus improved when the different CGM systems are worn simultaneously by the same subjects
under identical conditions (e.g., in head-to-head comparisons). There are studies in which different CGM systems were
compared under such conditions,?”!? but in these cases, only one sensor per CGM system was worn by the subjects.

The objective of this study was to investigate the performance of three needle-type CGM systems with two sensors
each in parallel in a setting designed to represent daily life conditions and also to incorporate as many of the
recommendations of POCT05-A as possible.

Research Design and Methods

Participants

For this study, 12 subjects were screened and enrolled. All 12 participants (six female, six male) had type 1 diabetes;
11 were treated with continuous subcutaneous insulin infusion, and 1 was treated with intensified insulin therapy
using a pen. The mean age + standard deviation of the subjects was 48 + 7 years (range from 40 to 62 years)
the duration of diabetes was 24 + 10 years (11 to 38 years); body mass index was 26.5 + 4.2 kg/m? (21.6 to 35.5 kg/m?),
and hemoglobin Alc was 8.2% + 1.4% (6.5% to 11.9%).

Continuous Glucose Monitoring Systems

This study compared three needle-type CGM systems: FreeStyle Navigator™ by Abbott Diabetes Care, Alameda, CA
(Navigator); Guardian® REAL-Time by Medtronic MiniMed, Northridge, CA (Guardian); and DexCom™ Seven® Plus
by DexCom, San Diego, CA (Seven Plus). The Guardian was used with Enlite sensors, which were introduced to the
European market in 2011; the Seven Plus was used with third-generation sensors. All sensors and disposables were
bought on the German market by the investigators. No selection of sensor batches was performed.

Study Design

This open-label, prospective, single-arm study was conducted between October 2011 and December 2011 at the Institute
for Diabetes-Technology GmbH in Ulm, Germany, in compliance with the German Medical Devices Act and the
Good Clinical Practice provisions of the Declaration of Helsinki. The ethics committee and the competent authority
responsible approved the study protocol. Written informed consents were provided by all subjects before beginning
study procedures. Each subject visited the study site once for nine consecutive days and wore six sensors in parallel,
two sensors of each system. The CGM systems were used according to manufacturers’ labeling, especially with regard
to sensor location (to be discussed) on the body, calibration intervals, and sensor lifetime (5 days for the Navigator,
6 days for the Guardian, and 7 days for the Seven Plus).

Subjects arrived at the study site on day 0 and remained overnight for 8 nights. All CGM sensors were inserted by a
physician into the abdomen between 6:00 am and 7:00 am of day 1 to achieve a similar start time for the sensors and
ensure that calibration was performed during a period of a low rate of glucose change. One sensor per system was
worn on the right side of the abdomen, the other one on the left side. Both sensors of one type of system were worn
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either on the upper, middle, or lower part of the abdomen; sensor location was sequentially changed in every four
subjects. Sensors were removed by a physician after the CGM system’s sensor removal alert. One sensor per system
was labeled “A”; the other sensor was labeled “B” to provide unique identification for each sensor.

Throughout the study, capillary blood glucose (BG) was measured at least once per hour between 6:00 am and 11:00 pm
and again at 3:00 am with the Navigators’ built-in BG monitoring meters (Navigator-BG). The built-in meter was used
because the Navigator did not allow input of external BG readings for calibration. Subjects performed measurements
with each of two Navigator-BG meters (A and B) in parallel. In case the Navigator-BG B result deviated by more than
10% (10 mg/dl) from the Navigator-BG A result [at Navigator-BG A results above (below) 100 mg/dl], measurements
with both systems were repeated. All Navigator-BG meters were tested with control solution before they were handed
out to the subjects and after they were returned to the study staff to ensure proper functionality. All devices used
showed valid control measurements.

Calibration of CGM systems was performed according to manufacturer labeling: after approximately 1, 2, 10, 24, and
72 h for the Navigator; after approximately 2 and 8 h and then every 12 h for the Guardian; and after 2 h and
then every 12 h for the Seven Plus. Guardian and Seven Plus calibrations were synchronized and performed at
7:00 am and 7:00 pM, and the 24 and 72 h calibrations of the Navigator were performed at 7:00 am. Synchronization of
Guardian and Seven Plus calibrations required additional, out-of-turn calibrations on day 1 and again on day 4, after
the Guardian was restarted according to manufacturer labeling. This restart was necessary because the Guardian’s
software automatically ended the sensor experiment after 3 days. Manufacturer labeling stated that the sensor should
be restarted once so the sensor could be used for 6 days. For calibration of CGM systems, capillary BG measurement
results obtained with the Navigator-BG A and B systems were used. Continuous glucose monitoring sensors labeled
“A” (or “B”) were calibrated with Navigator-BG A (or B) results. The initial Seven Plus calibration, which requires
input of two values, for Seven Plus A was performed entering the BG result of the Navigator-BG A, followed by the
Navigator-BG B result, and vice versa for Seven Plus B.

For evaluation of CGM system performance following POCT05-A recommendations, glucose excursions were induced
on days 2 and 5 by serving fast-absorbing meals (approximately 80% carbohydrates, 20% of daily caloric need) at
800 am and 11:00 Aam, respectively. To provide considerable postprandial glycemic excursions, the corresponding
insulin doses, which were calculated by a physician based on subjects’ individual factors, were delayed by 15 min
and increased by approximately 15% at the attending physician’s discretion. The times of meal bolus delivery were
determined considering the subjects” individual injection-meal interval. For five consecutive hours after these meals,
capillary BG was measured every 15 min. Venous blood was sampled in parallel to each capillary measurement.
Capillary BG concentrations at morning and evening CGM calibration times and venous BG concentrations were
measured in plasma with a laboratory reference [YSI 2300 STAT Plus (YSI), Yellow Springs, OH].

Subjects were generally allowed to move around the study site. Except for the standardized breakfast meals before
glucose excursions, subjects could compose their meals without restrictions.

The following three periods of time were defined:

1. Complete experiments (5 days for the Navigator, 6 days for the Guardian, and 7 days for the Seven Plus) to
provide an evaluation of each sensor’s full lifetime. In the analysis, the “days” were aligned to the sensor
lifetimes, thus each day began at 7:00 am of one calendar day and ended at 7:00 am the following calendar day,
with exception of day 1, which began with the recording of the first sensor reading,.

2. Core phase (700 am day 2 to 7:00 am day 5) to provide maximum comparability for all CGM systems
(compensation of different run-in times as well as different initial calibrations and other issues at sensor start on
day 1; identical glucose fluctuations, thus true parallel use of all sensors). For this data set, clinical analysis was
performed using Clarke error grid analysis (EGA).

3. Induced glucose excursions for evaluation, in compliance with POCT05-A recommendations.
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Figure 1 shows data of a representative experiment (i.e., data from one subject).
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Figure 1. Study procedures as displayed by a representative experiment. The red, solid rectangle marks the core phase. The induced glucose
excursions are highlighted and enlarged in red, dotted rectangles. cap, capillary; CHO, carbohydrate.

Data Analysis

The sensor readings, which were recorded with rates of one reading per 5 min (Guardian, Seven Plus) or one reading
per 10 min (Navigator), were interpolated linearly after data exclusion if two adjacent sensor readings were recorded
within 6.25 min for the Guardian and the Seven Plus and 12.5 min for the Navigator.

Valid capillary BG readings from Navigator-BG double measurements (one value each from Navigator-BG A and
Navigator-BG B; discussed earlier) were averaged and used for pairing to interpolated CGM readings of the
Navigator A/B, Guardian A/B, and Seven Plus A/B, respectively. All six sensors of each subject were analyzed separately.

For the complete experiments and for the core phase, only one capillary BG reading per hour during induced glucose
excursions was included in the analysis to avoid over-representation of these excursions and to provide similar numbers
of BG readings on each day.

Continuous glucose monitoring system performance was evaluated numerically and clinically. Numerical evaluation
was performed for all subanalyses using mean absolute relative difference (MARD) and precision absolute relative
difference (PARD). These parameters were calculated as averages of all of the experiment’s MARD and PARD results
(n = 24 and n = 12, respectively) and as aggregated MARD and PARD of all individual absolute relative differences.

Mean absolute relative difference is the average of the absolute differences between paired capillary BG and inter-
polated CGM readings and is expressed as a percentage of the corresponding capillary BG readings: absolute relative
deviation = |(CGM - reference)l / reference.
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Precision absolute relative difference was calculated in a similar fashion, but instead of sensor-to-BG differences,
sensor-to-sensor differences were calculated, with the mean of the interpolated and the noninterpolated CGM readings
replacing the capillary BG readings.’

In addition to these parameters, difference plots are provided to show the difference between single CGM readings and
paired capillary BG readings. These plots also show the system accuracy limits of ISO 15197:2003,° an international
standard for system accuracy evaluation of systems for self-monitoring of blood glucose (SMBG). Continuous glucose
monitor sensors do not have to fulfill the criteria of ISO 15197; this analysis was performed to obtain results that
could be compared with SMBG system accuracy results.

The statistical head-to-head comparisons between CGM systems were performed using the core phase data set
because all sensors had identical glucose traces to follow. Calculations were performed in MATLAB R2012a v7.14
(The MathWorks Inc.,, Natick, MA). Statistical significance was tested using Kruskal-Wallis tests and Wilcoxon rank sum
tests at an unmodified level of significance of o = 0.05. Statistical analyses were performed using SAS® 9.2 (SAS Institute,
Cary, NQ).

Results

Results for MARD and PARD for all subanalyses are displayed in Tables 1 and 2.

Table 1.

Average Mean Absolute Relative Difference and Precision Absolute Relative Difference for the Continuous
Glucose Monitoring Systems FreeStyle Navigator, DexCom Seven Plus, and Guardian REAL-Time”

MARD (%; n = 24) PARD (%; n = 12)
Navigator Guardian Seven Plus | Navigator Guardian Seven Plus
Overall 12.4 + 3.6 16.4 + 6.9 16.7 + 3.8 | 10.1 = 4.1 18.1 = 6.5 15.4 + 4.2
Day 1 141 £ 95 15.3 £ 6.2 19.2 + 71 122 + 4.0 | 163 +5.38 19.0 £ 7.7
Day 2 12.8 £ 5.5 16.3 + 9.0 181 +127 | 116 6.5 | 16.3 £9.7 | 19.4 + 14.2
Day 3 13.2 + 5.5 176 + 11.7 153+ 77 | 11.7 £81 | 21.8 £ 15.3 | 17.9 + 10.7
Day 4 9.6 + 3.9 14.2 + 6.8 145 £ 5.7 7.0 £ 41 16.5+ 75 13.9 + 5.8
Complete
experiment Day 5 13.3 + 61 16.6 + 8.6 18.0 £ 10.3 | 79+ 46 176 £ 6.9 15.4 + 8.2
(days 1-7)
Day 6 NA 18.0 + 16.9 13.3 £ 6.0 NA 20.0 + 11.8 | 10.8 + 3.7
Day 7 NA NA 181 + 8.3 NA NA 1.2 £ 57
<70 mg/dl 226 +7.8 322 +181 | 383 +243| 108 +4.8 | 223 +175 | 243+ 75
70-180 mg/dl 11.9 £ 3.5 15.4 + 6.9 170 £ 4.0 | 10.0 £ 4.2 17.7 + 5.7 149 £ 4.4
>180 mg/dl 11.0 + 4.9 151 + 841 1.7 + 4.2 9.9 + 41 18.5 + 9.0 16.4 + 51
Overall 121 =+ 3.8 16.2 + 6.8 16.3+4.9 | 9.6 + 4.4 181 + 74 16.7 + 5.9
Core phase <70 mg/dl 246 + 8.8 349 +261 | 327 £279 | 9.8 +59 | 20.2 £ 17.7 | 25.5 + 15.0
(Days 2-5) 70-180 mg/dl 116+40 | 151+71 | 164+54 | 95+45 | 18272 | 163 + 61
>180 mg/dl 10.2 + 4.5 146 = 7.4 127 £ 5.2 9.3 + 3.7 155+ 78 17.0 = 6.4
AR T LI Tl 13447 | 181265 | 174+ 7.3
measured by the Navigator
Induced
glucose Analysis versus venous YSI 2300 143 £ 5.4 19.2 £+ 79 15.8 + 6.2 9.5+ 4.0 176 + 6.3 15.4 + 8.5
excursions Analysis versus compensated
ysis versu
venous YSI 2300° 13.0 + 4.9 175 + 6.5 18.7 + 8.0
@ The results displayed are mean and standard deviation across all experiments. NA, not applicable.
b A bias of -14% was found for Navigator-BG versus capillary YSI 2300. Correction was implemented by multiplying venous YSI 2300 BG
values by 0.86.
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Table 2.

Aggregated Mean Absolute Relative Difference and Precision Absolute Relative Difference for the Continuous
Glucose Monitoring Systems FreeStyle Navigator, DexCom Seven Plus, and Guardian REAL-Time”

venous YSI 2300°

MARD (%) PARD (%)
Navigator Guardian Seven Plus Navigator Guardian Seven Plus
overall® 12.6 + 12.0 | 16.7 +19.3 | 16.7 £ 171 | 101 + 8.5 | 18.1 =+ 18.5 | 15.3 = 15.7
pera n=3021° | n=3304° | n=3761° | n=8427° | n = 20157° | n = 22908°
i 1834 +121 | 156+152 | 193 £156 | 126 + 9.5 | 16.3 + 15.8 | 18.5 + 19.1
Y n =593 n =580 n = 592 n = 1404 n = 3138 n = 3019
s & 130+114 | 165175 [ 182228 | 11.7+82 [ 16.2 + 155 | 19.5 + 20.6
Y n =580 n = 547 n =530 n = 1695 n = 3361 n = 3306
s @ 134 £15.0 | 184 +£221 | 153177 | 11.8£9.7 | 21.8 +23.0 | 18.0 + 17.3
Y n = 594 n = 555 n = 533 n = 1701 n = 3417 n = 3341
e A 9.6 + 8.5 14.4 + 145 [ 145+125 | 7.0+65 | 165+ 157 | 13.9 = 131
Y n = 640 n = 550 n = 583 n = 1704 n = 3365 n = 3371
Complete experiment Dav 5 13.3 £+ 11.2 16.9 + 16.4 171 + 153 79+ 70 17.5 + 161 15.2 + 13.4
(Days 1-7) Y n = 585 n = 534 n =518 n = 1706 n = 3376 n = 3337
18.9 + 279 | 13.6 =+ 13.3 203 +223 | 107 9.3
iy 8 NA n = 502 n = 491 NA n=3194 | n=3290
18.3 + 19.8 111 + 10.5
Day 7 NA NA o sa NA NA = 3067
0 ] 233213 | 343410 | 31.7 £ 316 | 136 + 114 | 28.2 + 237 | 21.8 + 18.3
9 n =179 n =193 n = 243 n =224 n = 552 n =854
LG T 1.9+ 1.0 | 152+ 169 | 16.8 +16.0 | 102 + 87 | 17.5 + 177 | 14.6 = 15.5
9 n = 2070 n = 2220 n = 2582 n=6488 | n=15966 | n = 15995
S ] 11.9+103 | 167+ 155 | 123+ 115 | 95+73 | 192204 | 16.2 + 155
9 n =772 n = 891 n =936 n=1715 | n = 3639 n = 6059
o 123 +11.8 | 166 +17.9 | 16.2+17.4 | 9.6 +8.2 | 181 + 18.1 | 16.6 + 16.5
n = 2399 n = 2186 n=2164 | n=6869 | n=13594 | n = 13440
] 267 +226 | 349371 | 314 +358 |13.9+123 [ 294 +242 | 229 + 195
S liEse 9 n =138 n =129 n=128 n =163 n = 383 n = 420
(RS 29 20-180 ma/d| 1.6 £ 10.7 | 149153 | 16.0 £ 16.0 | 9.6 +8.4 | 17.8 + 18.3 | 15.8 = 16.1
9 n = 1624 n = 1436 n = 1424 n=>5242 | n=10683 n = 9006
S50 109 +88 | 166 +150 | 135+ 125 | 8966 | 17.3+ 154 | 17.8 = 17.0
g n = 637 n = 621 n =612 n = 1464 n = 2528 n = 4014
A";'gise;’::sr:z ‘;a”t'l:':ry 135+ 111 | 181 = 14.6 | 17.4 = 16.2
: y n = 996 n = 1002 n =971
Navigator
Induced glucose Analysis versus 14.3 + 10.4 19.2 £ 14.3 15.9 = 141 9.5+6.9 176 £ 16.4 | 15.4 = 14.4
excursions venous YSI 2300 n = 952 n = 958 n = 927 n =742 n = 1494 n = 1462
A;‘:gsfngg::(‘f 131 £ 109 | 175+ 14.2 | 18.6 + 185
P n = 952 n = 958 n =927

values by 0.86.

@ The number of values (n) provided is the number of individual absolute relative differences that were included in the evaluation. Displayed
are mean and standard deviation calculated from these individual differences. NA, not applicable.

b The number of individual values in the overall evaluation of complete experiments is slightly larger than the sum of numbers of individual
values when analyzed day-wise. This deviation is caused by CGM readings recorded after the end of the fifth, sixth, or seventh 24 h
period (for Navigator, Guardian, and Seven Plus, respectively) but before sensor removal. These additional values were not evaluated as a
separate day, because the results would not have been comparable to the other day-wise results.

¢ A bias of -14% was found for Navigator-BG versus capillary YSI 2300. Correction was implemented by multiplying venous YSI 2300 BG
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Complete Experiments

Complete experiments consist of 5 days (Navigator), 6 days (Guardian), or 7 days (Seven Plus) of CGM readings.
In total, 1501/1520, 1652/1652, and 1871/1890 capillary BG readings were viable for pairing to interpolated CGM
readings of the Navigator A/B, Guardian A/B, and Seven Plus A/B, respectively. The BG readings ranged from 36.5 to
438.5 mg/dl. Data reporting percentage, i.e, the time during which data were recorded divided by the manufacturer
specified lifetime, was 97.3% + 5.2% (mean + standard deviation) for the Navigator, 98.9% + 0.8% for the Guardian,
and 959% + 4.6% for the Seven Plus.

The results of the complete experiments are very similar to those of the core phase. PARD seemed to decrease over
the study days for the Navigator and the Seven Plus systems (see Tables 1 and 2 and Figure 2).

Issues with starting the CGM systems occurred nine
times: five times with the Navigator, three times with the 4
Seven Plus, and one time with the Guardian. On one
occasion, a Navigator insertion set did not contain a
sensor. In two cases, there were issues with capillary BG
measurements on the first day. In two other cases, the
transmitters had to be reconnected to the sensor plates.
For the Seven Plus, two sensors had to be replaced
immediately after application because of sensor errors
as indicated on the receiver display and, one time, the
sensor had to be restarted as indicated on the receiver
display. For the Guardian, one sensor experiment had
to be restarted. All sensors with the exception of one 0
Guardian sensor were used for the whole specified run Py Paya Days Payt Days Day Dave
time. F0110Wing the information on the CGM receiver, Figure 2. Precision absolute relative difference over study days.
this Guardian sensor had to be stopped approximately For the .Navigator and the Seven Plus, PARD decreases over time,
12 h before the planned end of sensor run time for no "¢ Precision mereases.

apparent reason.

OFreeStyle Navigator B Guardian REAL-Time ~ MDexCom Seven Plus

35

30

25

20

Precision absolute relative difference (PARD) in %

The difference plots over the complete experiments show that all CGM systems experienced sensor inaccuracy
(see Figures 3A-C). However, for the Navigator, the maximum differences between CGM readings and BG
measurements are markedly smaller than for the Guardian and the Seven Plus, resulting in 80.2% (63.1% for reference
glucose <75 mg/dl, 81.9% for reference glucose =75 mg/dl) of readings within ISO 15197:2003 system accuracy criteria
for the Navigator, 70.4% (58.1%, 71.6%) for the Guardian, and 71.7% (55.0%, 73.4%) for the Seven Plus.

Core Phase

In the time frame of the four core days, on average, approximately 100 capillary BG measurements per subject
were suitable for pairing with CGM data. This number differs between sensors because the phases during which no
CGM readings were recorded varied from sensor to sensor.

The Navigator system achieved significantly lower MARD (12.1%) compared with the Guardian and the Seven Plus,
which performed similarly (MARD 16.2% and 16.3%, respectively; see Table 1). A Kruskal-Wallis test showed a
significant difference (p = .0009) between all three CGM systems. Pairwise Wilcoxon rank sum tests showed no
significant difference between the Guardian and the Seven Plus (p = .2818), while significant differences were found
between the Navigator and the Seven Plus (p = .00016) and between the Navigator and the Guardian (p = .01).
PARD was markedly lower for the Navigator (9.6%) compared with the Guardian (18.1%) and the Seven Plus (16.7%).

In the hypoglycemic range (<70 mg/dl), containing approximately 6% of paired measurement results, the Navigator
again showed lower MARD and PARD than the Guardian and the Seven Plus.
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With the EGA, 81.5%, 15.5%, 0.0%, 2.9%, and 0.0% of paired CGM BG readings were found within regions A, B, C,
D, and E, respectively for the Navigator; 72.0%, 23.2%, 0.5%, 4.1%, and 0.2% for the Guardian; and 74.2%, 22.5%, 0.9%,
2.2%, and 0.2% for the Seven Plus. Regions A and B displayed clinically accurate or acceptable readings.

Figure 4 shows the percentage of CGM values that have a <5%, 10%, 20%, and 30% difference with respect to the
corresponding reference value during the core phase and separated by glycemic range, with higher percentages

Navigator A - Navigator - BG (mg/di) core
Navigator B - Navigator - BG (mg/dl) core
Navigator A - Navigator - BG (mg/di) day 1
Navigator B - Navigator - BG (mg/dl) day 1
— IS0 15197

x
+
x
+

140

220

260

Navigator (CGM) - capillary Navigator-BG (mg/dl) 3>

0 50 100 150 200 250 300 350 400 450
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260
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Figure 3. (A) Difference plot with ISO 15197:2003 system accuracy
limits (£15 mg/dl for reference BG values <75 mg/dl and +20% for
reference BG values =75 mg/dl) for Navigator CGM values compared
with Navigator-BG. (B) Difference plot with ISO 15197:2003 system
accuracy limits for Guardian CGM values compared with Navigator-BG.
(C) Difference plot with ISO 15197:2003 system accuracy limits for
Seven Plus CGM values compared with Navigator-BG.

representing a closer agreement between CGM and BG
readings.

Induced Glucose Excursions

Capillary BG measurements (7 = 108) performed at sensor
calibration times with the Navigator-BG were found to
be lower than capillary BG measurements performed
with the YSI 2300 device, with a bias of approximately
-14%. Thus, when comparing CGM readings, which are
calibrated using capillary Navigator-BG measurements,
with YSI 2300 measurements in venous blood, this
systematic error would be added to any deviations in BG
between capillary and venous blood. For compensation
of this bias, all YSI 2300 measurements in venous blood
were corrected with the factor 0.86 in an additional
evaluation (Tables 1 and 2).

All MARD results, ie, comparison with capillary BG
measurements, uncompensated venous BG measurements,
and compensated venous BG measurements, as well as
PARD results are displayed in Table 1.

During the induced glucose excursions, rates of glucose
change ranged from -3.6 to +7.0 mg/dl/min for capillary
BG and from -44 to +6.8 mg/dl/min for venous BG.
Approximately 30% of rates were below -1 mg/dl/min
and approximately 20% were above +1 mg/dl/min
(Figure 5).

OFreeStyle Navigator B Guardian REAL-Tme B DexCom Seven Plus

Percentage of results (%)

<5%  <10% <20% <30% | <5% <10% <20% <30% | <5% <10% <20% <30% | <5% <10% <20% <30%

Core phase: Overall <70 mg/dl 70 to 180 mg/dl >180 mg/dl

Figure 4. Cumulative percentage of CGM values differing <5%, 10%,
20%, and 30% from the capillary reference values. Results displayed
for core phase (days 2 to 5): overall, <70, 70 to 180, and >180 mg/dl.
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Discussion

50%

DO Capillary glucose & Venous glucose

In this study, three different CGM systems were worn by
12 subjects, and their performance was assessed in a
clinical setting similar to daily life. The MARD and
PARD results obtained from complete experiments are in
agreement with previous reports about the three CGM
systems, 210121619 with the Navigator achieving better
performance than the other two systems. Results obtained
from core phase evaluation, i.e, during days 2 to 5
when all sensors were used in parallel minus ~24 h run-

; ; in time, differ only slightly from results for complete
M Geimn  mgemn  mgamn  mpame  nowme  mgemn o experiments, thus the influence from run-in time and

Sllicosairetuichangsicsenery different duration of sensor usage was, in this study, less
Figure 5. Relative number of occurrence of capillary and venous important than expected. Over the course of the study,
glucose‘ rates of .char}ge (obtained from Nax./igator-BG and YSI 2300, MARD varied from day to day_ With the Navigator and
;eesrl})gf;‘ézl}zvgr;l%ggﬁuced glucose excursions. Measurements were ), goyen Plus, PARD seemed to slightly improve with
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The performance of all systems within the hypoglycemic range (<70 mg/dl) was markedly lower than at higher glucose
concentrations, a known fact>>7121418 that is still dissatisfying for CGM users. While the Guardian achieved a slightly
lower MARD than the Seven Plus, its PARD was slightly higher. The Navigator, again, showed a lower MARD and
PARD than both the Guardian and the Seven Plus. Similar results were found in the euglycemic and hyperglycemic
ranges (70 to 180 and >180 mg/dl, respectively). While PARD for the Navigator was similar in all three glucose ranges,
MARD was worse in the hypoglycemic range. This suggests that the decreased performance at low glucose values is
independent of individual sensors.

In the core phase, 95% to 97% of paired CGM reference readings were found in clinically accurate and acceptable
zones A and B of the EGA. This result is in agreement with other studies incorporating EGA analysis.>8%121316-19.21,22

Only 70% to 80% of paired readings were found to be within the system accuracy limits of ISO 15197:2003.%° According to
ISO 15197, 95% of device readings must be within +15 mg/dl or +20% of the paired reference readings below or
above 75 mg/dl. Thus, CGM systems still have lower accuracy than devices for SMBG; however, when an SMBG
device is used for calibration, as in the study presented here, its accuracy (precision and trueness) directly affects the
CGM'’s accuracy.!’

The study setting was designed as a compromise between prerequisites of POCT05-A, a Clinical and Laboratory
Standards Institute guideline providing recommendations for evaluating performance of CGM systems, and parallel
use of sensors in an in-house setting similar to daily life using induced excursions at the beginning of sensor use and
calibration phase and at a later time in sensor use. Only one study claimed to follow POCT05-A recommendations in
design and evaluation.”® The study presented here is, to the best knowledge of the authors, the first to use two sensors
of three different CGM systems in parallel for the respective entire lifetime of the sensor, thus allowing the evaluation
of accuracy (with regard to BG measurements) as well as sensor-to-sensor precision between different sensors of one
type of CGM system.” In other studies in which more than one sensor was used per subject, only one type of CGM
system was used,?*¢81115 and in studies that compared multiple CGM systems, only one sensor per subject was
used.>”121% In this study, both aspects were combined, thus allowing an evaluation in which groups of six sensors
(e, two sensors of each of three CGM systems in one individual subject) follow identical glycemic excursions.
The choice of participants may have a marked influence on the analyzed parameter,!! this setting, however, allows
very high comparability between the CGM systems for both MARD and PARD because data are generated for all
systems and all sensors at the same time in the same subject. To further improve comparability between the single
experiments in one subject, the core phase was chosen as the primary evaluation because possible influences from
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different run-in times and different glucose fluctuations were minimized. Most analyses, unless specified otherwise,
were performed with capillary Navigator-BG readings as reference. Some studies in which CGM performance was
evaluated also used the same devices for calibration and for reference readings, 14! while in some studies, the
same devices were used only in parts of the study or depending on the parameter analyzed.*6910131617 There also are
studies in which different devices were used during the entire study.>*”#12 With the calibration BG readings being
obtained from the same system as the reference readings, the influence of systematic differences in trueness between
the reference device and calibration device were minimized.

One limitation of this study was that the two sensors of each type of CGM system were calibrated using different BG
values, which could lead to higher sensor-to-sensor differences (PARD) in comparison with calibration using identical
values. However, with the Navigator system not allowing input of externally obtained BG values, it increases the
comparability of the three systems in this study as compared with calibrating the other systems with identical values.

The Seven Plus and the Navigator CGM systems, which were current CGM systems at the time the study was performed,
are no longer on the market. The Seven Plus’s successor, the DexCom G4 Platinum (DexCom, San Diego, CA) is
reported to be more accurate, and the Navigator was replaced by the FreeStyle Navigator II (Abbott Diabetes Care,
Alameda, CA). However, it is unclear if its performance has changed. It should also be noted that the Enlite sensors
are also used with the Paradigm Veo Pump (Medtronic MiniMed, Northridge, CA), and that the Veo’s calibration
algorithm is reported to be different from that of the Guardian REAL-Time.”> However, the Guardian is a stand-alone
CGM system, i.e., it can be used by people with diabetes who do not wear an insulin pump. The Guardian is also
used with Enlite sensors; at least in Germany, Enlite sensors are sold to be used with the Guardian.

During the course of this study, a considerable negative systematic glucose measurement error (“bias”) of the FreeStyle
test strips used for capillary BG measurements was observed when calibration measurements were compared with
capillary BG measurements performed with YSI 2300 STAT Plus. As stated in Research Design and Methods, all
Navigator-BG meters were tested with control solution before and after use. Considering that this bias would likely
affect the analyses versus venous BG measurements, an additional set of analyses was performed with venous BG
measurements corrected by a fixed factor to estimate its effect on MARD. This approach may be an oversimplification
because the bias may not be identical across the whole range of BG measurements. The correction of venous BG
readings was found to have only a small effect on the systems” MARD (see Table 1), and interestingly, the MARD
improved only for two of the three systems used.

In one published study, Luijf and coauthors” concluded that CGM accuracy in a clinical research center and CGM
accuracy at home differ due to higher measurement frequency at clinical research centers. The authors claim that the
effect of changing their reference methods was minimized because their SMBG meter was factory calibrated with
YSI values.”” However, the Navigator-BG device used in our study was also factory calibrated against YSI 2300, yet a
considerable bias was found.

One of this study’s goals was to implement the recommendations of POCT05-A concerning testing of point and trend
accuracy. POCT05-A suggests many analyses and evaluations, making the study design and evaluation very complex.
This study focused on point and trend accuracy to provide results of parameters that are often reported in the context
of performance of CGM systems. Glucose excursions with high-frequency data collection were induced on two days
to achieve this goal. In this study, one excursion was at the beginning of sensor lifetime and calibration interval,
whereas the other excursion was performed at a later time without taking sensor lifetime and calibration cycle into
account, thus deviating from the testing protocol POCT05-A, which requires more segments with high-frequency
data collection. Most recommendations for this testing protocol, such as achieving rates of glucose change exceeding
3 mg/dl/min, obtaining pairs of sensor reference readings every 15 min, and having adequate numbers of
measurements in the glucose ranges <70, 70 to 180, and >180 mg/dl, were implemented, as well as numerical and
clinical assessment of point and trend accuracy.

In conclusion, the CGM systems tested in this study showed different performance, with the Navigator achieving
lower (i.e., better) MARD and lower PARD results than Seven Plus and the Guardian. This difference was observed
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when comparing the systems under identical conditions (core phase), when comparing each system’s complete run
time, and when only comparing phases of rapidly changing glucose. For the Navigator and the Seven Plus, sensor-to-
sensor precision improved during the course of the study, while, for MARD, no improvement was found over time.
One major issue of all CGM systems was the poor performance in the hypoglycemic range, which was markedly
poorer than in the other glucose concentration ranges.
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