
UC Davis
UC Davis Previously Published Works

Title
Comparator Data Characteristics and Testing Procedures for the Clinical Performance 
Evaluation of Continuous Glucose Monitoring Systems.

Permalink
https://escholarship.org/uc/item/62h9z7g3

Journal
Diabetes Technology & Therapeutics, 26(4)

Authors
Eichenlaub, Manuel
Pleus, Stefan
Rothenbühler, Martina
et al.

Publication Date
2024-04-01

DOI
10.1089/dia.2023.0465

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/62h9z7g3
https://escholarship.org/uc/item/62h9z7g3#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Open camera or QR reader and
scan code to access this article

and other resources online.

REVIEW ARTICLE

Comparator Data Characteristics and Testing Procedures
for the Clinical Performance Evaluation of Continuous
Glucose Monitoring Systems

Manuel Eichenlaub, PhD,1 Stefan Pleus, PhD,1,2 Martina Rothenbühler, PhD,3

Timothy S. Bailey, MD, FACE, CPI,4 Lia Bally, MD, PhD,5 Ronald Brazg, MD, FACE,6

Daniela Bruttomesso, MD, PhD,7 Peter Diem, MD,2,8 Elisabet Eriksson Boija, PhD,2,9

Marion Fokkert, PhD,2,10 Cornelia Haug, MD,1 Rolf Hinzmann, MD, PhD,2,11 Johan Jendle, MD, PhD,2,12

David C. Klonoff, MD, FACP, FRCP (Edin), Fellow AIMBE,2,13 Julia K. Mader, MD,14

Konstantinos Makris, PhD,2,15 Othmar Moser, MD,14,16 James H. Nichols, PhD,2,17

Kirsten Nørgaard, MD, DMSc, MHPE,18,19 John Pemberton, BSc, RD,20 Elizabeth Selvin, PhD, MPH,2,21

Loukia Spanou, MD, PhD,22 Andreas Thomas, PhD,2,23 Nam K. Tran, PhD,2,24 Lilian Witthauer, PhD,2,3,5

Robbert J. Slingerland, PhD,2,10 and Guido Freckmann, MD1,2

1Institut für Diabetes-Technologie, Forschungs- und Entwicklungsgesellschaft mbH an der Universität Ulm, Ulm, Germany.
2IFCC Scientific Division, Working Group on Continuous Glucose Monitoring.
3Diabetes Center Berne, Bern, Switzerland.
4AMCR Institute, Escondido, California, USA.
5Department of Diabetes, Endocrinology, Nutritional Medicine and Metabolism, Inselspital Bern, Bern University Hospital and

University of Bern, Bern, Switzerland.
6Rainier Clinical Research Center, Renton, Washington, USA.
7Division of Metabolic Disease, Department of Medicine, University of Padua, Padua, Italy.
8Endokrinologie Diabetologie Bern, Bern, Switzerland.
9Equalis AB, Uppsala, Sweden.

10Department of Clinical Chemistry, Isala Clinics, Zwolle, The Netherlands.
11Roche Diabetes Care GmbH, Mannheim, Germany.
12School of Medical Sciences, Faculty of Medicine and Health, Örebro University, Örebro, Sweden.
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Abstract

Comparing the performance of different continuous glucose monitoring (CGM) systems is challenging due to
the lack of comprehensive guidelines for clinical study design. In particular, the absence of concise require-
ments for the distribution of comparator (reference) blood glucose (BG) concentrations and their rate of change
(RoC) that are used to evaluate CGM performance, impairs comparability. For this article, several experts in the
field of CGM performance testing have collaborated to propose characteristics of the distribution of comparator
measurements that should be collected during CGM performance testing. Specifically, it is proposed that at least
7.5% of comparator BG concentrations are <70 mg/dL (3.9 mmol/L) and >300 mg/dL (16.7 mmol/L), respec-
tively, and that at least 7.5% of BG-RoC combinations indicate fast BG changes with impending hypo- or
hyperglycemia, respectively. These proposed characteristics of the comparator data can facilitate the harmo-
nization of testing conditions across different studies and CGM systems and ensure that the most relevant
scenarios representing real-life situations are established during performance testing. In addition, a study
protocol and testing procedure for the manipulation of glucose levels are suggested that enable the collection of
comparator data with these characteristics. This work is an important step toward establishing a future standard
for the performance evaluation of CGM systems.

Keywords: Continuous glucose monitoring, Clinical performance evaluation, Standardization, Comparator data
characteristics, Testing procedures, Glucose rate of change.

Introduction

In the recent past, the performance, in particular the
accuracy, of continuous glucose monitoring (CGM) sys-

tems has improved sufficiently to enable nonadjunctive use
for clinical decision-making.1 Together with the introduction
of factory-calibration, that is, the redundancy of manual
finger-stick calibration, in most systems, CGM is now an
integral part of routine clinical diabetes management. Fur-
thermore, targets for CGM-derived therapy metrics such as
the ‘‘time in range’’ have been incorporated into national and
international diabetes management guidelines,2,3 and have
been used to determine the effectiveness of new diabetes
therapies.4 Therefore, a rigorous and standardized evaluation
of CGM system performance is crucial to ensure the safety
and efficacy of CGM use in people with diabetes and the
validity of CGM-based outcomes in clinical trials.

This article reviews the relevant literature and presents our
expert proposal for characteristics of comparator data and the
testing procedures during the clinical performance evaluation
of CGM systems.

Problem statement

Despite the widespread adoption of CGM system use, there
are no comprehensive guidelines, regulatory or otherwise, for
the study design of clinical CGM performance evaluations.5

Some, but not all, crucial elements of study design are covered
in the POCT05 guideline put forward by the Clinical and
Laboratory Standards Institute,6,7 and the requirements for
‘‘integrated’’ CGM (iCGM) systems set forth by the U.S.
Food and Drug Administration (FDA).8 This has led to a wide
range of study designs that can account for the discrepancies
observed in the performance levels of the same CGM sys-
tem.9,10 As a result, it is challenging to obtain a clear picture of
the performance of any individual system and make mean-
ingful comparisons between CGM systems.10,11

A crucial element of the study design is the testing proce-
dures, especially for the deliberate manipulation of glucose
levels. These procedures can create low and high blood glucose

(BG) concentrations as well as fast and slow BG concentration
changes during comparator (reference) data collection. These
data are subsequently used to determine CGM system perfor-
mance. This performance encompasses aspects such as ana-
lytical and clinical accuracy as well as the changes in accuracy
over the sensor lifetime (stability) and the reliability of CGM
system alerts.10 Therefore, the testing procedures need to be
designed to enable the comprehensive assessment of these
different aspects of performance. Furthermore, it has been
shown that the characteristics of the comparator BG mea-
surements, and therefore also the testing procedures for the
manipulation of glucose levels, have a major influence on the
observed performance of a CGM system. In particular, a po-
tential deterioration of accuracy during hypoglycemia or pe-
riods of fast BG concentration changes has been observed.12–16

A testing procedure in which these conditions are underrep-
resented could lead to biased performance results, highlighting
the need for standardized performance testing, especially with
regard to the characteristics of the comparator data.

The aim of this article is to propose specific characteristics
of the comparator measurements collected during CGM
performance studies that include both the BG concentrations
and their rate of change (RoC). These characteristics were
selected based on an analysis of real-world CGM data and
can ensure that all relevant glycemic situations are covered
during performance testing. In addition, we suggest a study
protocol and testing procedure capable of producing com-
parator data with the proposed characteristics, thus enabling a
thorough investigation of CGM system performance. This
article is a proposal from the Working Group on Continuous
Glucose Monitoring established by the Scientific Division of
the International Federation of Clinical Chemistry and La-
boratory Medicine (IFCC)11,17 and other experts in the field
of CGM performance testing.

Literature background

Study protocols of CGM performance studies typically
include the collection of comparator data in both in-clinic and
free-living settings. In the free-living setting, subjects are
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instructed to measure their capillary BG levels multiple times
per day with a home-use blood glucose monitoring (BGM)
system. The advantage of this setting is that it represents
CGM use under real-life conditions and that it can produce
comparator data on every day of the sensor lifetime, which is
important to assess the continued accuracy of the CGM
system from insertion to removal. The disadvantage is that
the distribution of comparator data is difficult to control and
that the frequent measurements required for the determina-
tion of BG level RoCs are difficult to attain. This means that a
robust and comprehensive estimation of accuracy and alert
reliability from free-living data alone is not feasible. Fur-
thermore, the measurement accuracy of home-use BGM
systems is often inferior to laboratory-grade glucose ana-
lyzers. For these reasons, studies are designed to also include
in-clinic sessions, where participants may spend several
hours to multiple days at the investigational sites. Here,
comparator measurements can be carried out every 5–15 min,
typically for up to 12 h. Moreover, BG level dynamics can be
manipulated through adaptation of insulin dosing/timing and
consumption of specific meals.10

Our recent review of 129 clinical CGM performance
studies published between 2002 and 2022 found that 73% of
studies including in-clinic sessions reported a deliberate
manipulation of glucose levels, although the glucose ma-
nipulation procedures were often described with insufficient
detail.10 From the limited available information, there appear
to be two main testing procedures targeting different glucose
profiles during the in-clinic sessions.

First, there are studies that aim to produce either hypo- or
hyperglycemic BG concentrations within a single session
lasting between 8 and 12 h in total, but the actual time spent in
hypo- or hyperglycemia is not reported.18–22 This approach
appears to be recommended in the POCT05 guideline,7 al-
though it likely limits RoCs because of a lack of change
between low and high BG concentrations. Second, there exist
studies that aim to induce both hypo- and hyperglycemic BG
concentrations within a single in-clinic session, with some
studies opting to start with hyperglycemia followed by hy-
poglycemia,13,14,23–32 while other studies use the reverse
order,33–35 or choose the order based on the BG concentration
at the start of the session.15 Inducing hypo- and hypergly-
cemic BG concentrations within the same session typically
leads to higher RoCs.

The goal of the glucose manipulation, and thus the target
characteristics of the comparator data distribution, is often
not defined. Only a few articles state the vague rationale to
produce comparator data covering a wide range of BG lev-
els.18–20,33,36–38 In this context, the POCT05 guideline is
more specific, recommending 8% of comparator values to be
<80 mg/dL (4.4 mmol/L) and 5% to be >300 mg/dL
(16.7 mmol/L).7 This recommendation was not found in the
first edition of the guideline published in 2008,6 but was
added to the second edition of the POCT05 guideline pub-
lished in 2020.7 Its adoption in current studies is thus, so far,
difficult to assess. However, a recent review, found that only
50% of the studies utilized for Conformité Européenne
marking of CGM systems reported data on adults that satis-
fied both POCT05 distribution criteria.5 In contrast, the FDA
iCGM requirements are more vague, only stating that ‘‘[.]
clinical data must be obtained [.] throughout the measuring
range of the device.’’8

The importance of producing rapidly changing BG con-
centrations is not mentioned in the current guidelines. In-
terestingly, the first edition of the POCT05 guideline
recommended that ‘‘a sufficient number of points should be
obtained at the extreme rates of change (< -1.5 mg/dL/min
and >1.5 mg/dL/min),’’6 without providing a precise per-
centage. This statement has been removed in the second
edition.7 The majority of published articles also make no
statement about the targeted BG concentration changes, with
only some reports published more than 10 years ago explic-
itly mentioning the goal to assess CGM performance during
rapidly falling and rising BG concentrations.21,22,39

General Study Design

Study population

The elements of study design proposed in this article
concern the performance evaluation of CGM systems in
adults, intended to be used for therapeutic decision-making
and integration into systems for automated insulin delivery
(AID). The study population should thus reflect the intended
use population of the CGM systems, that is, mainly people
with type 1 diabetes, but also people with type 2 diabetes. To
facilitate the collection of comparator data with the charac-
teristics proposed in this article, we suggest that at least 75%
of participants have type 1 diabetes. This suggestion agrees
with the results of a recent literature review, where we found
that on average 73.5% of participants had type 1 diabetes in
studies including participants with both diabetes types.10

For CGM systems with other intentions of use, especially
other intended use populations, this proposal may not be
suitable, and different approaches may be needed.

Study protocol

We propose a study protocol in which the subjects spend
the majority of the sensor lifetime in the free-living setting,
interrupted by several in-clinic sessions lasting 8–12 h. In-
clinic sessions should be scheduled so that their overall dis-
tribution equally reflects the beginning, middle, and end of
the sensor lifetime, in accordance with both the POCT05
guideline and FDA iCGM requirements.7,8 This approach
minimizes the burden on the subjects associated with the in-
clinic session procedures. The exact distribution, as well as
the number of sessions per subject, is dependent on the sensor
lifetime. A possible study protocol for a CGM system with a
14-day lifetime is provided in Figure 1. It can easily be
adapted for CGM systems with different sensor lifetimes.

CGM system use

Regarding the CGM sensor insertion and calibration, we
also refer to the POCT05 guideline.7 There it is recommended
that, if applicable, the sensors should be inserted by the par-
ticipants themselves under the supervision of the study staff
and that all intended sensor locations, for example, arm and
abdomen, are examined.

To assess between-sensor precision, the CGM data from
two sensors worn simultaneously by the same participant
should be compared. For that, it is necessary to insert two
sensors at adjacent sites, at least for a subgroup of partici-
pants. However, we recommend including only one sensor
per application site and participant (determined before
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insertion) in the main accuracy analysis because it likely
affects the statistical independence of results. Here, a study
with a factory-calibrated CGM system, where two sensors
were worn simultaneously, estimated that the between-
participant variance in sensor-specific mean absolute relative
differences (MARDs) contributed 44% to the total variation
in sensor-specific MARDs.40 This shows that the variation in
characteristics between participants significantly contributes
to the overall variance in accuracy. It is therefore possible
that the inclusion of multiple sensors from the same partici-
pant would lead to an underestimation of variance in accu-
racy. Moreover, the CGM systems should be calibrated
according to the minimally required schedule and we advise
that calibrations should not be carried out during or imme-
diately before the frequent sampling period (FSP) (see sec-
tion ‘‘Sampling protocol and comparator measurements’’).

Free-Living Testing Procedures

In the free-living setting, we propose to ask participants to
follow their regular daily routine and carry out at least seven
capillary BG measurements per day with a BGM system
fulfilling the accuracy requirements of the current ISO15197
standard,41 or the FDA over-the-counter guidance.42 The
timing of these measurements should follow the established
seven-point profile (immediately before and 2 h after break-
fast, lunch, and dinner, and before bed).43

In addition, we recommend that the participants should
perform the measurements in duplicate from the same finger
prick. This allows the retrospective identification of outliers,
for example, due to handling errors, and reduces imprecision
as the results from duplicate measurements can be averaged.
If considered feasible, participants may also be asked to
perform a third measurement if the relative difference (with
respect to the first measurement) of the duplicate exceeds
–10% if the first measurement is ‡100 mg/dL (5.6 mmol/L),
or –10 mg/dL (0.56 mmol/L) if the first measurement is
<100 mg/dL (5.6 mmol/L).

In-Clinic Testing Procedures and Comparator
Data Characterization

Sampling protocol and comparator measurements

We propose that the in-clinic sessions should include an
FSP, where comparator measurements are carried out every
15 min over a period between 6 and 8 h. This duration agrees

with the median FSP duration of 7.5 h, estimated in our recent
literature review of CGM performance studies,10 and is ad-
equate to produce comparator data with the recommended
characteristics, as explained below. The 15-min sampling
interval is in accordance with the POCT05 guideline,7 and is
deemed sufficiently narrow to capture the variability of short-
term BG concentration fluctuations and to estimate their
RoC.44 In a number of recent studies,19,20,30,45,46 this sam-
pling interval was shortened during phases of hypo- and
hyperglycemia, presumably to increase safety and boost the
number of comparator data points in these glycemic regions.
However, as we have mentioned in a previous article,10 this
approach has led to concerns about the statistical interde-
pendency of the measurements. Furthermore, a constant
sampling interval greatly facilitates the standardization of
data analysis and statistical performance evaluation. We
therefore recommend a protocol with a constant sampling
interval of 15 min.

In our review on CGM performance, we found that com-
parator BG concentrations are measured in capillary, venous,
and arterialized-venous blood.10 These approaches can yield
different results due to physiologically different BG con-
centrations in these blood samples and thus affect the ob-
served CGM performance. It is therefore crucial to
standardize the comparator measurement procedure. How-
ever, a detailed discussion of this topic lies beyond the scope
of this article and will be discussed in a future article. In
principle, the in-clinic testing procedures suggested in this
article are independent from the chosen approach. However,
it should be mentioned that a safe and effective manipulation
of BG concentrations, as described below, requires that
measurement results are available in near real-time to decide
on food intake and/or insulin dosing.

Irrespective of the chosen comparator measurement ap-
proach, the schedule for capillary measurements with the
BGM system followed during free-living days should also be
implemented on days with in-clinic sessions to provide
capillary comparator measurements on every study day.

The dynamic glucose region plot

Users of CGM systems routinely combine the displayed
information on current sensor glucose levels and their ac-
companied RoC (in the form of trend arrows) to make ther-
apeutic decisions. We therefore propose to evaluate the CGM
performance under varying combinations of BG

FIG. 1. Schematic depiction of an example study protocol for a CGM system with a sensor lifetime of 14 days and three
in-clinic sessions per participant. The dashed orange squares indicate other possible study days for in-clinic sessions, thus
requiring suitable scheduling to cover study days 1, 2, 3, 7, 8, 9, 13, 14, and 15 equally often. CGM, continuous glucose
monitoring.
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concentration and RoC, which can be illustrated as follows. The
same RoC of -3 mg/(dL$min) [-0.17 mmol/(L$min), YY] has a
different clinical interpretation depending on whether the BG
level is at 90 mg/dL (5 mmol/L) or 230 mg/dL (12.8 mmol/L).
Likewise, the same BG level of 72 mg/dL (4 mmol/L) would
lead to different therapeutic decisions depending on whether the
RoC is +2 mg/(dL$min) [+0.11 mmol/(L$min), [] or
-2 mg/(dL$min) [-0.11 mmol/(L$min), Y].

We have therefore developed a graphical representation
for the combination of BG concentrations and RoC, referred
to as the dynamic glucose region (DGR) plot, based on
similar representation called dynamic risk space.47 Figure 2
shows how a glucose profile obtained during an in-clinic
session translates to the DGR plot.

As shown in Figure 2b, the area of the DGR plot is divided
into five regions comprising four critical regions (red and
orange) and one neutral region (green). The critical regions
were chosen to reflect situations in which adequate CGM
accuracy is of particular importance and are based on com-
monly used BG concentration thresholds.

The orange regions termed ‘‘BG high’’ and ‘‘BG low’’
acknowledge the need to test the CGM systems across their
measurement range, consistent with existing guidelines.7,8

We chose BG concentrations <70 mg/dL (3.9 mmol/L) for
the ‘‘BG low’’ region and >300 mg/dL (16.7 mmol/L) for the
‘‘BG high’’ region, independent of the associated RoCs. The
lower threshold was chosen in deviation from the POCT05
guideline (<80 mg/dL [4.4 mmol/L]7) to align with the con-
sensus threshold for level 1 hypoglycemia,48,49 and to be
closer to the lower limit of the measurement range of most
CGM systems (40 or 50 mg/dL [2.2 or 2.8 mmol/L]).

The upper threshold of 300 mg/dL (16.7 mmol/L) was
chosen in accordance with POCT05 guideline but differing
from the threshold for level 2 hyperglycemia (250 mg/dL
[13.9 mmol/L])50 to be closer to the upper limit of the mea-
surement range of most CGM systems of 400 mg/dL
(22.2 mmol/L), giving this region a more technical, rather
than a clinical, justification.

The two red regions in Figure 2b labeled ‘‘Alert low’’ and
Alert high’’ represent situations with moderate-to-fast RoCs
and impending hypo- or hyperglycemia. The ‘‘Alert low’’
region with rapidly falling BG concentrations in the normal
range has the highest clinical risk of an adverse event, for
example, severe hypoglycemia, and is therefore of particular
importance. It is also the region in which AID systems typ-
ically suspend insulin infusion. This region represents BG
levels ‡70 mg/dL (3.9 mmol/L) and RoCs < -1 mg/(dL$min)
[-0.06 mmol/(L$min)]. Furthermore, the region includes
RoC-BG combinations, that, given the current RoC, would
lead to BG concentrations below 70 mg/dL (3.9 mmol/L)
within 30 min, which causes the upper border of this region to
be tilted. The time interval of 30 min was chosen as it is gives
diabetes patients sufficient time to take action and it is used as the
prediction horizon in some current-generation AID systems.51,52

RoCs between -1 mg/(dL$min) [-0.06 mmol/(L$min)] and
0 mg/(dL$min) were not included in this region to ensure that
the CGM systems are tested at enough rapidly falling RoCs.

Accordingly, the ‘‘Alert high’’ region is defined by BG
levels £300 mg/dL (16.7 mmol/L), RoCs > +1.5 mg/(dL$min)
[+0.08 mmol/(L$min)], and current BG-RoC combinations
leading to a BG level increase above 250 mg/dL (13.9 mmol/L,
level 2 hyperglycemia) within the following 30 min.

FIG. 2. (a) Target profile of BG concentrations over time during an in-clinic session. (b) DGR plot showing the associated
profile of combined RoC and BG. The gray arrows indicate the direction of the curve with respect to its evolution over time.
Note that there is no RoC-BG pair for time zero, because each BG value is paired with an RoC calculated with respect to the
preceding BG value. The colored background indicates the critical regions in which adequate CGM accuracy is of particular
importance. The panel on the right shows the percentages of RoC-BG pairs in the respective regions, the proposed minimum
required percentage for the critical regions (7.5%), the MARoC in mg/(dL$min), and the number of RoC-BG pairs (n = 28).
BG, blood glucose; DGR, dynamic glucose region; MARoC, mean absolute RoC; RoC, rate of change.
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The remaining RoC-BG combinations in the green region
termed ‘‘Neutral’’ are less clinically relevant. Nevertheless,
the majority of data points will be found in this region due to
the practical nature of CGM performance studies. The
question of how the collected data points should be distrib-
uted across the regions is addressed in the section ‘‘Re-
commendations for the comparator data distribution.’’ A
summary of all region definitions is provided in Table 1.

Analysis of real-world CGM data

To demonstrate the need to create a wide range of BG
concentrations and RoCs during the in-clinic sessions as well
as to legitimize the critical regions of the DGR plot, real-
world CGM data collected in five different studies,4,53–56

made publicly available,57 were pooled and analyzed. The
pooled data set contains more than 4.3 million hours of CGM
data from 897 individuals with type 1 diabetes between the
ages of 2 and 86 years. Additional details on the data sets and
data analysis are provided in the Supplementary Data.

To validate the boundaries of the ‘‘Alert low’’ region,
CGM traces recorded in the 60 min before hypoglycemic
episodes were analyzed (Fig. 3a, b). A hypoglycemic episode
was included in the analysis if consecutive CGM glucose
levels were <70 mg/dL (3.9 mmol/L) for at least 15 min,58

and up to 120 min. In addition, for any episode to be included
in the analysis, CGM glucose levels had to be ‡70 mg/dL
(3.9 mmol/L) and monotonically decreasing (RoC £0) in the
60 min before the episode of interest. This led to the selection
of more than 38,000 CGM traces containing a hypoglycemic
episode. Considering only the steeper descents into hypo-
glycemia because they carry a higher risk for an adverse
event, shown in Figure 3b, it is demonstrated that *50% of
prehypoglycemia CGM traces traverse the ‘‘Alert low’’ re-
gion. This justifies the need to expose the CGM systems to
those combinations of BG concentrations and RoCs during
performance testing.

Similar relevance can be assigned to the ‘‘Alert high’’
region (Fig. 3c, d) with a corresponding analysis. A hyper-
glycemic episode was defined as CGM glucose levels
>250 mg/dL (13.9 mmol/L) for at least 15 min,58 and for any
episode to be included in the analysis, CGM glucose levels
had to be £250 mg/dL (13.9 mmol/L) and monotonically in-
creasing (RoC ‡0) in the 60 min before any episode. This led

to the selection of more than 42,000 CGM traces. As shown
in Figure 3c, *25% of selected CGM traces eventually
crossed the 300 mg/dL (16.7 mmol/L) threshold (dotted line
in Fig. 3c), giving strong justification to the ‘‘BG high’’
region.

Glucose manipulation procedures

The following section introduces a possible glucose ma-
nipulation procedure designed to generate comparator data in
the proposed regions of the DGR plot in a safe, ethical, and
consistent manner. We want to emphasize that other testing
procedures adequately covering the critical regions in the
DGR plot are possible. The description of the procedure
provided below focuses on the most important aspects and is
not intended to be an exhaustive protocol to be used as a
template.

The basis of our suggestion for the in-clinic testing pro-
cedures will form the target glucose profile (TGP), shown in
Figure 2a. The TGP was designed to traverse all regions of
the DGR plot within a single in-clinic session and a 7-h FSP.
The TGP includes distinct and transient hyper- and hypo-
glycemic episodes similar to the ones observed in the real-life
data set (Fig. 3). This allows a more realistic assessment of
alert reliability in comparison with testing procedures that
induce hypo- and hyperglycemic episodes lasting 60 min or
longer. The general approach suggested by the TGP, that is,
inducing hyperglycemia followed by hypoglycemia, is sim-
ilar to a number of approaches reported in the litera-
ture,13,14,23–32 as discussed above. Using the reverse order,
that is, to start with hypoglycemia followed by hyperglyce-
mia, might be a suitable approach to populate the ‘‘BG low,’’
‘‘Alert high,’’ and ‘‘BG high’’ regions. However, when the
subjects’ BG levels are lowered toward hypoglycemia at the
start of an in-clinic session from fasting conditions, it might
be difficult to produce the rapidly falling BG concentrations
that are required to populate the ‘‘Alert low’’ region, whose
clinical relevance has been shown in the analysis of real-
world data.

The procedure described below is most suitable for par-
ticipants with type 1 diabetes because it relies on the ad-
justment of timing and dosing of rapidly acting insulin. In
addition, participants should have well-established insulin
correction and carbohydrate-to-insulin factors and no

Table 1. Definition of the Regions in the Dynamic Glucose Region Plot and Recommended Percentages

of Rate of Change—Blood Glucose Data Points in Each Region

Region Color Definition Recommended percentage, %

BG low Orange BG <70 mg/dL (3.9 mmol/L) ‡7.5
Any RoC

BG high Orange BG >300 mg/dL (16.7 mmol/L) ‡7.5
Any RoC

Alert low Red BG ‡70 mg/dL (3.9 mmol/L) ‡7.5
RoC < -1 mg/(dL$min) [-0.06 mmol/(L$min)]
BG <70 mg/dL (3.9 mmol/L) within 30 min at current RoC

Alert high Red BG £300 mg/dL (16.7 mmol/L) ‡7.5
RoC > +1.5 mg/(dL$min) [+0.08 mmol/(L$min)]
BG >250 mg/dL (13.9 mmol/L) within 30 min at current RoC

Neutral Green All other RoC-BG pairsa £70

aBG levels should be paired with RoC values calculated from the current and preceding BG level.
BG, blood glucose; RoC, rate of change.
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relevant comorbidities (in particular gastroparesis). BG
concentrations should be closely monitored throughout the
in-clinic session and additional measurements outside the
previously recommended 15-min interval may be carried out
to ensure participant safety but should be excluded from data
analysis. In addition, we recommend that this procedure is
only carried out by study sites experienced in the manage-
ment of people with diabetes.

Before the start of the FSP, the participant’s BG concen-
trations should be stable within the target range (70–
180 mg/dL [3.9–10 mmol/L]) and any AID systems should be
switched to manual mode, that is, no automated adaptation of
insulin delivery, until the end of the FSP. At the start of the
FSP, the participants are served a meal specifically selected
for this procedure. We suggest a meal containing a maximum
of *25% of the participants’ daily caloric demand consisting
of 65% carbohydrates (both slow and fast absorbed), 20% fat,
and 15% protein. The bolus of short-acting insulin that would
normally be delivered at or around mealtime is then withheld

until BG levels have reached values between 250 and
300 mg/dL (13.9 and 16.7 mmol/L). This should induce the
glycemic conditions indicative of the ‘‘Alert high’’ and ‘‘BG
high’’ regions, that is, a rapid BG concentration rise as well as
sustained BG levels >300 mg/dL (16.7 mmol/L) for
*30 min. The size of the bolus should be calculated based on
the participant-specific therapy parameters, the carbohydrate
content of the meal, and the BG level at the start of FSP with a
target BG level of 100 mg/dL (5.6 mmol/L). A general in-
crease in the bolus size to induce the subsequent hypogly-
cemia is typically not necessary.

Our experience indicates that, after reaching their peak,
BG levels drop rapidly toward hypoglycemia traversing the
‘‘Alert low’’ and ‘‘BG low’’ regions. Should this not happen,
additional insulin boluses can be delivered. Once BG con-
centrations below 70 mg/dL (3.9 mmol/L) have been reached
or are imminent, appropriate hypoglycemia interventions are
implemented. The specific amount, composition, and timing
of food intake for this intervention should be decided at the

FIG. 3. Results from the analysis of real-world CGM data concerning the ‘‘Alert low’’ (a, b) and ‘‘Alert high’’ (c, d)
region. (a, c) Show the summary statistics of CGM traces from -60 to +60 min after the start of a hypo-/hyperglycemic
episode according to the recommendations of the Ambulatory Glucose Profile.59 (b, d) Show the interpolated and smoothed
CGM RoC—glucose-level races of selected summary statistics from -60 to the start of the hypo-/hyperglycemic episodes.
The arrows indicate the direction of the curves over time.
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discretion of study staff in agreement with the participant.
However, we suggest to choose the hypoglycemia inter-
vention strategy such that BG concentrations are maintained
<70 mg/dL (3.9 mmol/L) for *30 min, while avoiding re-
bound hyperglycemia through excessive carbohydrate in-
take. For the remainder of the FSP, the BG levels should be
kept stable in the range 100–180 mg/dL (5.5–10 mmol/L),
allowing a safe release of the participants at the end of the
FSP.

We suggest that any further meals or snacks are low in
carbohydrate content and that the remaining insulin action of
the first bolus is considered in any decisions on insulin dosing/
timing. If the participants’ BG levels should not respond as
expected, and not all critical regions of the DGR plot are
reached, corrective actions can be taken as long as they are
deemed safe by the study staff. These actions can include
additional insulin boluses, the adaptation of basal insulin
infusion for participants using insulin pumps, food intake, or
mild exercise.

The characteristics of the comparator data collected in a
study with 50 participants and 195 in-clinic sessions im-
plementing a similar testing procedure are shown in
Figure 4. The main differences between the protocol fol-
lowed in this study and the procedure described in this article
are the use of a slightly smaller meal at the beginning of the
FSP and the consumption of a freely chosen second meal
after 5.5 h. Furthermore, 11 (22%) participants underwent no
manipulation of insulin dosing and followed their routine
therapy after consuming the test meal. This explains the
lower initial BG peak and the sharp rise after 5.5 h in com-
parison with the TGP (Fig. 4a). This figure also demonstrates
the variability in profiles regarding the time of hypoglyce-
mia, despite applying the same procedure in every partici-
pant and in-clinic session.

Figure 4b shows that *31% of all RoC-BG pairs were in
the critical regions and that the ‘‘Alert low’’ and ‘‘BG high’’
regions were slightly less represented than the other critical
regions.

Recommendations for comparator data distribution

After defining the critical regions in the DGR plot and
describing a possible glucose manipulation procedure, we
can introduce our recommendation for the characteristics of
the comparator data distribution; similar but less stringent in
comparison with the ISO 15197:2015 standard for BGM
systems.41 Defining the characteristics of the comparator data
is more practicable than mandating a particular testing pro-
cedure in a standardized study design.

The TGP (Fig. 2) and associated procedure were designed
so that ideally, *11% of data points would be found in each
critical region, leaving around 57% in the neutral region.
However, due to the expected natural variability in the
comparator data, exemplified in Figure 4, it is unlikely that
this ideal distribution is achieved. Furthermore, it should not
be necessary to apply the glucose manipulation procedure to
all participants included in the study, thus allowing the pos-
sibility to include subjects with type 2 diabetes as mentioned
above. We propose that the minimal percentage of data points
lying in each critical region should be 7.5%, leaving at most
70% of data points in the neutral region. Note that these
recommendations should be fulfilled for only the comparator
data points that are used for the CGM accuracy evaluation,
that is, after they have been paired with the CGM data. A
proposal for the absolute number of data points to be found in
each region is beyond the scope of this article as these num-
bers depend on the chosen performance parameters and pos-
sible minimum acceptance criteria for those parameters.

FIG. 4. Characteristics of comparator data collected in a study with 50 participants during 194 in-clinic sessions. (a)
Summary statistics of the time profile of BG concentrations. (b) DGR plot showing the individual RoC-BG pairs. The area
on the right shows the percentage of RoC-BG pairs in the respective regions, the proposed minimum required percentage for
the critical regions (7.5%), the total number of RoC-BG pairs (n = 5285), and the MARoC in mg/(dL$min) at the bottom.
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Should it be anticipated that the proposed recommendation
of 7.5% of data points in each critical region is not fulfilled, it
is possible for some participants to follow a glucose manip-
ulation procedure that fills specific regions of the DGR plot.
For example, if additional hypoglycemic BG concentrations
are required, it is possible to implement the previously
mentioned approach of starting with hypoglycemia followed
by hyperglycemia. Alternatively, we propose the following
procedure for discarding the least critical RoC-BG pairs from
the neutral region until the recommended percentages are
achieved. This procedure is exemplified on the data set shown
in Figure 4, where the ‘‘BG high’’ and ‘‘Alert low’’ regions
have an insufficient number of data points.

For each RoC-BG pair, a Euclidian distance measure D
with respect to the center of the ‘‘neutral’’ region, defined at a
BG level of 185 mg/dL (10.3 mmol/L) and an RoC of 0, is
calculated as follows:

D¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RoC

a

� �2

þ BG�BGc

b

� �2
s

,

where the value for a is set to 1 mg/(dL$min)
[0.06 mmol/(L$min)], the value for b is set to 115 mg/dL
(6.4 mmol/L), and BGc represents the center of the neutral
region set to 185 mg/dL (10.3 mmol/L). Subsequently, the
RoC-BG pairs with the lowest values of D are successively
excluded until the recommended minimal percentages for all
critical regions are met.

The geometric interpretation of this procedure is exem-
plified in Figure 5 and shows that the elimination region takes
the form of an ellipse with a constant height-to-width ratio.
The shape of the ellipse, determined by the values for a and b,

was chosen to stretch between -1 and +1 mg/(dL$min) [-0.06
and +0.06 mmol/(L$min)] at the horizontal edges of the
neutral region (70 mg/dL [3.9 mmol/L] and 300 mg/dL
[16.7 mmol/L]), in which case D has a value of 1. The size of
the ellipse is roughly determined by the number of data points
that need to be excluded but it should not stretch into the ‘‘BG
high’’ and ‘‘BG low’’ region. This means that, if any RoC-
BG pairs with a D > 1 have to be excluded, the underlying
data set may be inadequate to comply with the recommended
distribution of comparator data.

This procedure for eliminating data was designed to be
easily adopted, independent from the corresponding CGM
data and without the need for random sampling, therefore
allowing reproducibility and facilitating standardization. For
the example data set in Figure 5, a total of 165 data points,
corresponding to 3.1% of all data pairs, had to be excluded for
the percentage of data points in all the critical regions to be at
least 7.5%. This demonstrates that a study implementing a
testing procedure similar to the one described in this article
can fulfill our recommendation with a justifiable number of
excluded data points, even if only 78% of participants un-
dergo the full glucose manipulation procedure.

Conclusion

This article, for the first time, provides a comprehensive
proposal and justification for the distribution of comparator
BG concentrations and RoCs to be produced during CGM
performance testing. Our proposal was built upon results
from a previous study and utilizes the newly developed DGR
plot identifying clinically relevant combinations of glucose
levels and their RoC. We encourage researchers to use this
tool when reporting results of CGM performance studies,
thus increasing transparency and facilitating the comparison
of results between studies.10 A free and open-source soft-
ware package to create the DGR plot is published with this
article (https://github.com/IfDTUlm/CGM_Performance_
Assessment).

We also suggest the basic elements for the development of
a study protocol and in-clinic testing procedures capable of
fulfilling the proposed characteristics of comparator data.
Implementing a similar procedure in future studies would
harmonize the comparator data characteristics across studies.
As a result, the observed performance of CGM systems is
expected to be independent from the study design and be-
comes comparable, even when tested in separate studies. We
expect that this work is an important element of a future
standard for the performance evaluation of CGM systems.

A pilot verification study is planned based on our proposal,
and we would like to invite other research centers and man-
ufacturers of CGM systems to test the feasibility of the pro-
posed comparator data distribution and testing procedures to
establish their suitability for incorporation in an interna-
tionally recognized standard for the clinical performance
evaluation of CGM systems.
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