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Abstract

Background:

The performance of a continuous glucose monitoring (CGM) system in the early stage of development was
assessed in an inpatient setting that simulates daily life conditions of people with diabetes. Performance was
evaluated at low glycemic, euglycemic, and high glycemic ranges as well as during phases with rapid glucose
excursions.

Methods:

Each of the 30 participants with type 1 diabetes (15 female, age 47 + 12 years, hemoglobin Alc 7.7% =+ 1.3%)
wore two sensors of the prototype system in parallel for 7 days. Capillary blood samples were measured at
least 16 times per day (at least 15 times per daytime and at least once per night). On two subsequent study
days, glucose excursions were induced. For performance evaluation, the mean absolute relative difference
(MARD) between CGM readings and paired capillary blood glucose readings and precision absolute relative
difference (PARD), i.e., differences between paired CGM readings were calculated.

Results:

Overall aggregated MARD was 9.2% and overall aggregated PARD was 7.5%. During induced glucose
excursions, MARD was 10.9% and PARD was 7.8%. Lowest MARD (8.5%) and lowest PARD (6.4%) were observed
in the high glycemic range (euglycemic range, MARD 9.1% and PARD 7.4%; low glycemic range, MARD 12.3%
and PARD 12.4%).

Conclusions:

The performance of this prototype CGM system was, particularly in the hypoglycemic range and during
phases with rapid glucose fluctuations, better than performance data reported for other commercially available
systems. In addition, performance of this prototype sensor was noticeably constant over the whole study
period. This prototype system is not yet approved, and performance of this CGM system needs to be further
assessed in clinical studies.
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Introduction

Several studies have shown that continuous glucose monitoring (CGM) systems have a beneficial impact on glycemic
control, i.e, improved hemoglobin Alc and reduced frequency and intensity of glucose excursions.!-3

However, patients can achieve the best benefit from the use of CGM systems only if the systems are reliable and the
results are accurate across the whole clinically relevant blood glucose (BG) range. Published data show that these
requirements have been only partly fulfilled by the currently available CGM systems; measurements, especially in the
low BG range or during phases with rapid glucose fluctuations, were often not reliable or accurate.*-

Recommendations for performance evaluation of CGM systems are described in detail in the Clinical and Laboratory
Standards Institute POCT05-A guideline.” According to this guideline, performance of CGM systems should also be
evaluated during induced glucose excursions to provide sufficient number of data in the low and high BG range as
well as during rapid changes in glycemia. In addition, the sensor lifetime defined by the manufacturer of the CGM
system should be sufficiently covered. The adequate criteria and study design for performance evaluation of CGM
systems, including the assessment of intersensor variation, are discussed in detail by Obermaier and coauthors in
this issue of Journal of Diabetes Science and Technology.® In the present study, performance of a CGM system in the
early stage of development was assessed. The study was performed in an inpatient setting, which simulates daily
life conditions of people with diabetes. Performance evaluation included different BG concentration ranges as well as
phases with rapid glucose excursions. In addition, sensor-to-sensor precision of two sensors used simultaneously in
the same patient was assessed.

Methods

The study was conducted between June and October 2012 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 study protocol was approved by the responsible ethics committee and the competent
authority. Informed consent forms were signed by all subjects before beginning study procedures.

Study Population

The evaluation presented here included 30 subjects with type 1 diabetes [15 female, 15 male; age 47 + 12 years
(mean + standard difference), range 21 to 63 years]. Time since their diabetes was diagnosed 23 + 13 years (2 to 47
years), body mass index was 26.8 + 4.4 kg/m? (21.6 to 414 kg/m?), and hemoglobin Alc was 7.7% + 1.3% (5.8% to
11.7%). Twenty-two subjects were treated with continuous subcutaneous insulin infusion, whereas 8 were treated with
multiple daily injections.

Continuous Glucose Monitoring System

A prototype CGM system with a sensor in an early development phase (Roche Diagnostics GmbH, Mannheim,
Germany) was evaluated.” The prototype system consisted of the following components: the electrochemical sensor, the
body mount (including a small battery), and the transmitter that contains the electronic components for measurement,
data storage, and data transmission. After affixing the body mount to the skin of the abdomen with an integrated
plaster, the sensor was inserted with the system-specific insertion device. Next, the transmitter was attached to the
body mount, and the measurement process was initiated. The prototype system does not have a display. Therefore, raw
data were downloaded wirelessly to a study computer multiple times per day. The CGM system was used according
to the instructions in the investigators brochure provided by the manufacturer.

Study Procedure

After the subjects arrived at the study site, a short physical examination and a blood withdrawal were performed by
a physician to exclude the risk of any undetected inflammation prior to CGM application. Subsequently, two sensors
of the prototype system were applied by a physician to each subject to enable investigation of the sensor-to-sensor
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precision of the system in the same subject. The sensors were inserted into the periumbilical subcutaneous tissue
of the abdomen. For each subject, each sensor of the prototype system was labeled with a unique identification. The
sensor application sites were checked by a physician at least once per day. The two sensors ran simultaneously in each
patient for 7 days before removal by a physician.

For assessment of the CGM system performance, glucose concentrations in capillary blood samples were measured
with a commercially available BG system for self-testing (Accu-Chek® Aviva, Roche Diagnostics GmbH). Blood glucose
levels were measured in duplicate (two measurements taken from one finger prick) at least 16 times per day (at
least 15 times per daytime and at least once per night). The BG measurement results were considered valid if the
difference between the two BG readings was <10% for BG values =100 mg/dl and <10 mg/dl for BG values <100 mg/dl.
Otherwise, a third measurement was performed. The BG values were stored in the BG meter and downloaded to the
study computer once daily.

For technical reasons, a prospective (or online) calibration was not feasible in this study, because the prototype systems
do not display CGM data. Instead, the transmitter stored the sensor output data, and these data were read out at least
twice per day. After day 7 of the study, the CGM sensor data and the BG data were matched and the CGM data
were calibrated retrospectively. However, the applied algorithm for retrospective calibration was a simulation of a
prospective calibration. For calibration of a CGM data segment between two calibrations, the current and up to three
previous calibration BG values were used.

The BG values used for calibration of the prototype CGM system were those obtained with the BG meter. The system
was calibrated approximately 2 h after sensor insertion (first calibration), approximately 8 h after sensor insertion
(second calibration), and approximately every 12 h afterward (one calibration in the morning and one calibration in
the evening of each study day). For both CGM devices, the first value of a valid double measurement was used.

The capillary BG measurement results were also used for the subjects’ diabetes management.

In order to induce glucose excursions on study days 2 and 3, a breakfast (approximately 80% carbohydrates, 20%
of daily caloric need) with rapidly absorbable carbohydrates was served. The corresponding insulin doses were
calculated by a study physician based on the subjects” individual factors, with an increase in dose of approximately
15% and a delay in insulin administration of approximately 15 min. During the induced glucose excursions, capillary
BG measurements were performed every 15 min for 5 h.

In addition, capillary blood samples were obtained twice per day (approximately 7:00 am and approximately 9:00 rm)
for analysis with the hexokinase method (cobas 6000 ¢501, Roche Diagnostics, Mannheim, Germany).

Data Analysis

For data analysis, two periods of time were defined:

1. complete experiment (7 days, including days with induced glucose excursions)

2. induced glucose excursions (approximately 5 h each on two subsequent study days)
Figure 1 shows representative data of one subject over the study period of 7 days.

For the analysis according to period 1, 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. This one BG reading per hour was chosen based on the time of the last premeal BG reading,
which usually was the BG at meal time. Then 1, 2, 3, 4, and 5 h were added to this time, and the BG readings with
a time stamp closest to these calculated times were selected. With this approach, the times of the BG readings were
similar to days without excursion. Capillary BG readings that were used for calibration of the device were excluded
from the analysis.
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For evaluation of the numerical accuracy of the CGM .
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Figure 1. Representative experiment curves of two sensors (sensor 1,
green line; sensor 2, blue line) in one subject. Study day 1 (24 h) started
with the first valid sensor reading; the beginning of each study day
is indicated as a black line. Calibrations with capillary BG values are
displayed in red diamonds; valid duplicate capillary BG measurements
are displayed in yellow diamonds. Induced glucose excursions on
day 2 and day 3 are marked with light red rectangles. For analysis of
the complete experiment, only one capillary BG value per hour during
induced glucose excursions was included; unused capillary BG values,

which were only included in evaluation of induced glucose excursions,
are marked as black circles.

MARD is the average of the absolute differences between
paired capillary BG values and CGM readings expressed
as a percentage of the corresponding capillary BG values: absolute relative difference = [(CGM - BG)I/BG.

For pairing to respective CGM readings, the first value of a valid duplicate capillary BG measurement was used and
paired with the CGM reading with the same time stamp (the CGM devices recorded one reading per minute), thus
linear interpolation of CGM readings was not performed. Each of the two sensors per subject was analyzed separately.

The PARD was calculated as described in other studies.’®!! Instead of sensor-to-BG differences, the sensor-to-sensor
differences were calculated as the difference between sensor readings divided by the average of the sensors readings.

Categorization of single absolute relative differences into the glucose ranges <70, 70-180, and >180 mg/dl was
performed based on the corresponding capillary BG value for MARD or based on the average of the corresponding
sensor readings for PARD. The BG readings were not suitable for assignment to glycemic range for PARD, because
they were available only for a few time points.

Calculation of MARD and PARD broken down by glucose rate of change was not performed. For a suitable evaluation
broken down by rate of change, one would require longer phases of high-frequency glucose measurements and an
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appropriate percentage of results within each rate-of-change category. This would have made the study design more
complex, because more phases with glucose excursions and high-frequency data collection would have been necessary.
This evaluation focused on more general statements about performance during times of fast rates of glucose change.

The MARD was also calculated based on the hexokinase method results. The CGM reading that was recorded at
blood sampling time was used for pairing. For this analysis, it has to be taken into account that, besides accuracy,
which is higher for hexokinase method than for BG meter, a possible systematic measurement error between hexokinase
method and BG meter may influence the analysis, because the CGM system was calibrated against BG meter results.

An evaluation of the clinical accuracy of the CGM system was performed for the complete experiments using Clarke
error grid analysis!? For this analysis, the agreement between an individual CGM measurement result and the
respective mean value of a valid duplicate capillary BG measurement result is plotted in a scatter plot. The plot is
divided into five zones with different clinical relevance.

Results

In total, 6801 capillary BG measurement results were paired to CGM results obtained from 59 sensor experiments
with approximately 9% of these being in the low glycemic range (<70 mg/dl), approximately 64% in the euglycemic
range (70-180 mg/dl), and approximately 27% in the high glycemic range (>180 mg/dl). Sensor-to-sensor pairing were
performed for 281,394 measurement results obtained from 58 sensors (29 sensor pairs), with approximately 7% in the
low glycemic range, approximately 71% in the euglycemic range, and approximately 21% in the high glycemic range
(Table 1).

Table 1.
Mean Absolute Relative Difference and Precision Absolute Relative Difference (Mean + Standard Deviation)?
Average MARD (%) Aggregated Average PARD (%) Aggregated
n =59 MARD (%) n =29 PARD (%)
9.2 + 81 75 + 8.3
Overall 9.2 + 21 n = 6801 76 £23 n = 281,394
10.4 + 8.9 10.3 + 9.8
Day 1 10.4 + 3.6 n = 928 10.3 = 4.3 n = 41,760
10.5 + 9.0 9.5 +8.2
Day 2 10.4 + 34 n = 1028 9.5+29 n = 41,760
9.8 + 84 7.9 + 8.2
Day 3 9.8 +£29 n = 1037 7.9 + 31 n = 41,760
87 +76 6.5 +78
Day 4 8.7 + 3.2 n = 1074 6.5+28 n = 41760
Complete experiment 8377 54 £ 6.7
(day 1-day 7) Py & 82=32 n = 1057 54+ 31 n = 41,760
79 £ 6.7 6.0+ 74
Day 6 79+28 n = 1003 6.0 + 3.8 n = 41,760
9.0 £ 8.0 7.0 £ 87
Day 7 9.0 + 41 n = 674 71 £ 47 n = 30,834
12.3 + 9.6 12.4 + 13.7
<70 mg/dl 13.6 + 5.6 n = 594 121 + 51 n = 20,236
9.1 + 81 74 + 8.1
70 — 180 mg/dl 9.2 +23 n = 4370 75 + 23 n = 200,982
85 +72 6.4 +59
>180 mg/dl 8.3 +28 n = 1837 6.4 £ 2.2 n = 60176
. 10.9 + 9.2 7.8 £ 6.7
Induced glucose excursions 10.9 + 3.1 n = 2920 78 £ 27 n = 16,588
@ For calculation of the average, MARD data from all 59 recordings were used, whereas aggregated MARD and PARD calculations are
based on individual absolute relative differences of the two CGM systems carried by each of the 29 patients with type 1 diabetes studied.
n, number of data pairs.
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The MARD and PARD results (mean + standard deviation) for all complete experiments and the induced glucose
excursions are shown in Table 1. Over the 7 days of the study period, aggregated MARD ranged from 10.5% + 9.0%
(day 2) to 79% + 6.7% (day 6) and aggregated PARD ranged from 10.3% + 9.8% (day 1) to 54% + 6.7% (day 5; Table 1,
Figures 2 and 3).
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Figure 2. Box plots for MARD on successive study days. Displayed
are mean (diamonds), median (horizontal lines within boxes), 25th and
75th percentiles (lower and upper edge of the boxes), and minimum

Figure 3. Box plot for PARD on successive study days. Displayed are
mean (diamonds), median (horizontal lines within boxes), 25th and
75th percentiles (lower and upper edge of the boxes), and minimum

and maximum values (antennae). and maximum values (antennae).

Regarding MARD and PARD for the three different BG ranges separately, the lowest MARD (8.5% + 7.2%) and the
lowest PARD (6.4% + 5.9%) were observed in the high glycemic range. In the low glycemic range (<70 mg/dl), MARD
(12.3% + 9.6%) and PARD (12.4% + 13.7%) were higher.

During induced glucose excursions, the average MARD was higher (109% + 9.2%) compared with the complete
experiments (9.2% + 8.1%). However, average PARD was not different between the complete experiments and the
induced glucose excursions (7.5% + 8.3% versus 7.8% + 6.7%).

High rates of change of glycemia were observed during
induced glucose excursions, with 13% of rates of change
of glycemia <-3 or >3 mg/dl/min and 42% between -1
and 1 mg/dl/min (Figure 4).

50%

45%
40%
35%

5
30% 29.4%

Relative number of occurrence (%)

The MARD between the hexokinase measurement results 25% 23.4%
and CGM readings (664 data points) was 8.4% + 7.4%. 20%
15% 11.8% 12.3%
Clarke error grid analysis showed that 83.4% of the CGM o son 6.9%
system results are in zone A, 15.3% in zone B, and 1.3% 5% ’—‘4'5%
0%

in zone D (Figure 5).

<-3 mg/dl/min 23-52 >2-51 >1-<0 >0-=1 >1-52 >2-53
mg/dimin mg/dimin  mg/di/min mg/dimin  mg/dimin  mg/dVmin

>3 mg/di/min

Capillary glucose rate-of-change category

The percentage of CGM readings with differences of <5%,
<10%, <20%, and <30% from the corresponding capillary
BG values are shown in Table 2. The percentage of
CGM readings with <30% deviation was similar in the
low glycemic, euglycemic, and high glycemic range
(94.9-98.3%). In the low glycemic range, the percentage of deviations <10% (50.3%) and <5% (26.6%) was lower than
in the euglycemic and high glycemic range (<10%, 65.6% and 66.7%; <5%, 37.5% and 38.1%).

Figure 4. Relative number of occurrence of capillary glucose rates
of change during induced glucose excursions. Capillary glucose
measurements were performed every 15 min.
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Discussion

This evaluation study was performed in an inpatient
setting that simulates daily life conditions of people with
diabetes. Performance evaluation included different BG
concentration ranges as well as phases with rapid glucose
excursions.”® In addition, sensor-to-sensor precision of
two sensors used simultaneously in the same patient
was assessed.’? However, it should be mentioned that the
study procedure did not closely follow the POCTO05-A
guideline, and some recommendations, e.g., evaluation of
three data collection segments, including glucose
fluctuations and assessment of clinical accuracy using the
continuous glucose error grid analysis, were not taken
into account.

CGM (mg/dl)

Performance of the prototype CGM system evaluated j
in this study showed a reliability and accuracy that L
is at least similar to or even better than reported data ° %0 0 180 200 250 800 880 400 450
from currently marketed CGM systems.®!371® Some of the Accti-ChekAvival (mg/dl)

reported performance data of available CGM systems Figure 5. Clarke error grid analysis of the paired values obtained with
were obtained with similar procedures under similar the CGM system and a comparison measurement with a BG meter
conditions, thus allowine for an appropriate comparison (Accu-Chek Aviva). Clinically accurate or acceptable readings are

’ ) pprop p presented as dots in the zones A and B.
to the results presented here.®!6

The observed improvement in CGM performance over
the usage period has already been reported for other
CGM systems.*101617 However, performance of the proto-
type sensor was noticeably constant over the study period.

In this study, performance peaked on days 5 and 6, Within 5% | Within 10% | Within 20% | Within 30%
and both MARD and PARD showed higher mean values
and higher variances afterward. However, the results of Ofegl 36.7 64.5 90.8 97.4
days 6 and 7 were still similar to the average results. <70 mg/dl 26.6 50.3 79.3 94.9

_ , _ o o= G0 375 65.6 913 97.3
One important aspect to consider regarding the clinical mg/d|
utility of CGM systems in the daily life of people with >180 mg/dl 38.1 66.7 93.6 98.3

diabetes is the system’s ability to detect hypoglycemic
events adequately. Detection of unrecognized hypoglycemia prior to the onset of major symptoms can help people
with diabetes become aware of impending hypoglycemic events and apply appropriate therapeutic action.

However, suboptimal performance of CGM systems in the hypoglycemic range is a frequently discussed problem that
limits applicability of CGM systems.>®1 The sensor investigated in this study also showed its poorest performance in
the low glycemic range. However, compared with currently available CGM systems, the sensor’s performance in this
range was remarkably better.5613-17

One factor that potentially affects the performance of CGM systems is the time delay of these systems, particularly
during rapid changes in glycemia.?>?! Such time delays are caused by two factors: (1) a physiological delay between
changes in BG and interstitial glucose and (2) device-dependent delays in measurement.’>?? In this evaluation, the
MARD and the PARD were remarkably better during induced glucose fluctuations compared with available CGM
systems.®1® This suggests a decreased device-dependent time delay, as the physiological delay is assumed to be
constant/comparable among CGM systems.

J Diabetes Sci Technol Vol 7, Issue 4, July 2013 821 www.journalofdst.org



Evaluation of the Performance of a Novel System for Continuous Glucose Monitoring Zschornack

Conclusion

Performance data of the prototype CGM system evaluated in this study are at least comparable to currently available
CGM systems; however, particularly in the low glycemic range and during phases with rapid glucose fluctuations, it
outperforms other CGM systems. Nevertheless, this prototype system is not yet approved, and performance of this
CGM system needs to be further assessed in clinical studies.
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