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Abstract

OBJECTIVE—The purpose of this study was to compare the numerical and clinical accuracy of
four continuous glucose monitors (CGMs): Guardian, DexCom, Navigator, and Glucoday.

RESEARCH DESIGN AND METHODS—Accuracy data for the four CGMs were collected in
two studies: Study 1 enrolled 14 adults with type 1 diabetes at the University of Virginia (UVA),
Charlottesville, Virginia; study 2 enrolled 20 adults with type 1 diabetes at the Profil Institute for
Metabolic Research, Neuss, Germany. All participants underwent hyperinsulinemic clamps
including 1.5-2 h of maintained euglycemia at 5.6 mmol/l followed by descent into hypoglycemia,
sustained hypoglycemia at 2.5 mmol/l for 30 min, and recovery. Reference blood glucose
sampling was performed every 5 min. The UVA study tested Guardian, DexCom, and Navigator
simultaneously; the Profil study tested Glucoday.

RESULTS—Regarding numerical accuracy, during euglycemia, the mean absolute relative
differences (MARDSs) of Guardian, DexCom, Navigator, and Glucoday were 15.2, 21.2, 15.3, and
15.6%, respectively. During hypoglycemia, the MARDs were 16.1, 21.5, 10.3, and 17.5%,
respectively. Regarding clinical accuracy, continuous glucose—error grid analysis (CG-EGA)
revealed 98.9, 98.3, 98.6, and 95.5% zones A + B hits in euglycemia. During hypoglycemia, zones
A + B hits were 84.4, 97.0, and 96.2% for Guardian, Navigator, and Glucoday, respectively.
Because of frequent loss of sensitivity, there were insufficient hypoglycemic DexCom data to
perform CG-EGA.

CONCLUSIONS—The numerical accuracy of Guardian, Navigator, and Glucoday was
comparable, with an advantage to the Navigator in hypoglycemia; the numerical errors of the
DexCom were ~30% larger. The clinical accuracy of the four sensors was similar in euglycemia
and was higher for the Navigator and Glucoday in hypoglycemia.

Evaluation of the accuracy of continuous glucose monitors (CGMs) is complex for two
primary reasons: 1) CGMs assess blood glucose fluctuations indirectly by measuring the
concentration of interstitial glucose but are calibrated via self-monitoring to approximate
blood glucose; and 2) CGM data reflect an underlying process in time and therefore consist
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of ordered-in-time highly interdependent data points. Because CGMs operate in the
interstitial compartment, which is presumably related to blood via diffusion across the
capillary wall (1,2), there are a number of significant challenges in terms of sensitivity,
stability, calibration, and physiological time lag between blood and interstitial glucose
concentration (1,3-6). In addition, the temporal structure of CGM data poses statistical
challenges to the direct use of established accuracy measures, such as correlation or
regression, or the clinically based error grid analysis (EGA) (7,8), because these measures
judge the quality of approximation of reference blood glucose measurements by readings at
isolated points in time, without taking into account the temporal structure of the data. In
other words, a random reshuffling of the sensor-reference data pairs in time will not change
these accuracy estimates. It is therefore imperative to judge the accuracy of CGMs across
several dimensions and to use both numerical and clinical metrics to support this judgment.

Defined as the closeness between CGM readings and corresponding in-time reference blood
glucose measurements, numerical accuracy is computed by several traditional measures
including mean absolute difference (MAD) and mean absolute relative difference (MARD),
median absolute difference (MedAD) and median absolute relative difference (MedARD),
and ISO (International Standards Organization) criteria. The 1SO criteria refer to the
percentage of CGM readings within 0.8 mmol/l (15 mg/dl) from reference when the
reference blood glucose is <4.2 mmol/l (75 mg/dl) or within 20% from reference when
blood glucose is >4.2 mmol/l (9). These measures reflect the numerical proximity of CGM-
reference data pairs as if these pairs were independent from each other, without taking into
account their temporal order and the rate of glucose change. To measure CGM rate
accuracy, we have recently suggested the R-deviation, a numerical measure of the proximity
between sensor and reference blood glucose rate of change computed similarly to MAD but
taking into account the rate of the CGM and reference blood glucose processes, not their
values (10).

The premise behind evaluation of clinical accuracy is to assess the impact of sensor errors
on treatment decisions based on CGM output. Previously proposed solutions to such an
assessment include the Clarke EGA (7) and consensus error grid (11), both of which were
designed before the advent of CGMs. We have proposed the continuous glucose—error grid
analysis (CG-EGA), which was specifically designed to assess the clinical accuracy of
CGMs (12). The CG-EGA has two components: the point—error grid analysis (P-EGA)
assessing clinical point accuracy and the rate—error grid analysis (R-EGA) assessing clinical
rate accuracy. Both P-EGA and R-EGA preserve the premise of the Clarke EGA, dividing
the glucose or glucose rate ranges into clinically meaningful zones: zone A, corresponding
to clinically accurate reading; zone B, corresponding to benign errors; zone C, signifying
overcorrection errors; zone D, indicating failure to detect clinically significant blood glucose
or rate of change; and zone E, indicating an erroneous reading. The difference between the
traditional Clarke EGA and P-EGA is in the dynamic adjustment of the error grid zones
depending on the rate of change of the reference blood glucose process, which is designed to
accommodate a possible time lag between reference and sensor readings. The CG-EGA
combines point and rate accuracy separately for each of the three critical blood glucose
ranges: hypoglycemia (blood glucose <3.9 mmol/l), euglycemia, and hyperglycemia (blood
glucose >10mmol/l) using distinct matrices of point versus rate accuracy. These matrices
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reflect the relative importance of point versus rate accuracy in different clinical situations.
Because of the differences in the relative importance of point and rate in hypoglycemia,
euglycemia, and hyperglycemia, we advocate against combining point and rate accuracy
uniformly across the entire blood glucose range (12).

In summary, the metrics of CGM accuracy can be classifies into a 2 x 92 (numerical-
clinical) x (point-rate) accuracy table. In this article we use all four components of this table
to compare the numerical and clinical performance of four CGMs: Guardian (Medtronic,
Northridge, CA), Freestyle Navigator (Abbott Diabetes Care, Alameda, CA), DexCom STS
(DexCom, San Diego, CA), and Glucoday (A. Menarini Diagnostics, Florence, Italy). The
first three are needle-type sensors providing real-time glucose readings at a frequency of 5-
10 min. The Glucoday is a microdialysis device measuring interstitial glucose every 3 min
(13,14).

RESEARCH DESIGN AND METHODS

Two clinical trials were performed at the University of Virginia (UVA), Charlottesville,
Virginia, and at the Profil Institute for Metabolic Research, Neuss, Germany. The studies
were approved by the review boards of their respective institutions. The UVA study
recruited 14 and the Profil study recruited 20 adults with type 1 diabetes. All subjects gave
written informed consent and had a physical examination before the beginning of the study
protocol, including review of medical history and laboratory tests.

At UVA, subjects were admitted to the General Clinical Research Center in the evening
before testing. Three continuous monitoring sensors, Guardian, Freestyle Navigator, and
DexCom STS (3-day sensor), were inserted and used simultaneously during the testing. The
sensors were calibrated according to the manufacturers’ instructions, and their clocks were
adjusted to match a master clock in the room, which allowed for further synchronization of
the data. In the morning of the study the participants underwent hyper-insulinemic glucose
clamps including 1.5-2.0 h of maintained euglycemia at a target level of 5.6 mmol/|
followed by gradual (45-60 min) descent into hypoglycemia with a target level of 2.5
mmol/l, sustained hypoglycemia for 30 min, and recovery to normoglycemia. Reference
glucose sampling was performed every 5 min using a YSI blood glucose analyzer (YSI,
Yellow Springs, OH). The hand and forearm were warmed to provide arterialized venous
samples. Reference blood glucose and CGM data were synchronized with a precision of 30
s. The participants in the Profil study arrived at the research institute in the morning. After
admission, they were connected to an artificial pancreas (Biostator) and to the subcutaneous
minimally invasive glucose sensor Glucoday. The euglycemic and hypoglycemic glucose
targets of the Profil trial were identical to these at UVA: during a run-in phase of 120 min
the blood glucose concentration of the patients was stabilized by intravenous infusion of
insulin and/or glucose solution at 5.6 mmol/I. In this time period the glucose sensors were
also calibrated for the first time. Then, hypoglycemia was induced with a target level of
2.5mmol/l, which was maintained for ~30 min. However, the rates of descent into
hypoglycemia and recovery were substantially higher that in the UVA study (6.2 vs. 3.4
mmol - 171 - h~1). Reference blood glucose sampling was performed every 5 min and
synchronized with the readings of the Glucoday.
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Accuracy metrics

Numerical point accuracy was evaluated using MAD, MARD, MedAD, and MedARD.
MAD and MedAD are computed as the average/median of the absolute values of the
differences between sensor readings and reference blood glucose values. MARD and
MedARD are the absolute differences expressed as a percentage of the reference blood
glucose values. The ISO criteria include the percentage of CGM readings within 0.8 mmol/l
(15 mg/dl) from reference when the reference blood glucose is <4.2 mmol/l (75 mg/dl) or
within 20% from reference when blood glucose is >4.2 mmol/l (9). Numerical rate accuracy
was measured by the recently suggested absolute R-deviation (10). The absolute R-deviation
was computed similarly to MAD, but taking the first-order divided differences of the CGM
and reference blood glucose time series, e.g., as the average of the absolute values of (AS—
AR)/At, where ASand AR are the differentials of sensor and reference blood glucose over a
time period of At. Clinical point and rate accuracy were computed using the two
components, P-EGA and R-EGA, of the previously introduced CG-EGA (12).

RESULTS

Overall sensor reliability

During the UVA study all three CGM sensors experienced periods of transient loss of
sensitivity, particularly during hypoglycemia, identified as sensor readings holding steady at
a very low glucose value (e.g., 2.1 mmol/l), whereas blood glucose was higher and
fluctuating. The percentage of such unreliable data points was 6.9% for the Guardian, 29.8%
for the DexCom, and 16.8% for the Navigator. These unreliable data were not considered in
the accuracy analysis of the sensors presented in the following sections. There were no
missing data in the study of Glucoday.

Numerical point and rate accuracy

Table 1 presents the numerical point accuracy of the four CGMs during maintained
euglycemia and induced hypoglycemia and their ability to follow the trend down into
induced hypoglycemia and up to recovery (rate accuracy using absolute R-deviation). To
account for nonsymmetric distributions, we present both mean and median absolute and
relative differences, which lead to analogous conclusions: During euglycemia, the MARD
and MedARD of Guardian, Navigator, and Glucoday were similar. During hypoglycemia,
the mean and median differences of the Navigator were lower than those of Guardian and
Glucoday. The DexCom registered ~30% larger errors during both euglycemia and
hypoglycemia. The numerical rate errors of Guardian, Navigator, and DexCom were
comparable. Glucoday had higher rate errors, which could be explained by the higher overall
rates of blood glucose change achieved in the Profil study compared with the UVA study
(6.2 vs. 3.4 mmol - 171 . h~1 on average).

Because sequential CGM data points are highly interdependent, standard statistical analyses
would produce inaccurate results. However, a previously reported 1-h block-aggregation of
the data produces composite readings that are suitable for statistical analyses (15). Thus, to
apply statistical tests, we aggregate the data beginning at time 0 in sequential 1-h blocks.
Then we use ANOVA with contrasts to compare the MAD of each pair of sensors. The three
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significant contrasts observed were for Guardian versus DexCom (F = 104.9, P < 0.001),
Navigator versus DexCom (F = 55.1, P < 0.001), and Glucoday versus DexCom (F = 65.2,
P < 0.001). The contrasts between all other pairs of sensors were not significant.

Clinical point and rate accuracy

Table 2 presents the clinical point and rate accuracy of the four CGMs using the CG-EGA
and its two components, P-EGA and R-EGA. The percentages of readings of the four
sensors in zones A + B of the CG-EGA were similar during euglycemia. However, this
overall similar clinical accuracy was achieved by different means as revealed by separate P-
and R-EGA: the P-EGA showed highest zone A score for the Glucoday, whereas the R-EGA
showed lower rate accuracy of Glucoday compared with the other three sensors. During
hypoglycemia Navigator and Glucoday had the highest CG-EGA accuracy scores. As
mentioned in the previous section there were insufficient DexCom data to perform the
analysis.

For statistical analysis of clinical accuracy we face the problem of dependence of adjacent
CGM points, which may cause inaccurate interpretation of the P level. Thus, we use
nonparametric comparisons and a normal approximation of the resulting statistics, which is
less vulnerable to data dependence (i.e., does not use degrees of freedom). The significant P-
EGA differences observed were for Guardian versus DexCom (Z=7.0, P <0.001),
Navigator versus DexCom (Z = 5.0, P <0.001), and Glucoday versus DexCom (Z=8.2, P <
0.001), which is consistent with the numerical results from the previous section. In addition,
the contrast between the Navigator and Guardian CG-EGA results during hypoglycemia was
significant (Z= 2.7, P =0.007).

CONCLUSIONS

CGMs provide detailed time series of consecutive observations upon the underlying process
of glucose fluctuations. Because CGMs are able to track these fluctuations, time-dependent
measures of numerical and clinical accuracy must be considered in addition to traditional
accuracy assessment methods that reflect only the static proximity between CGM and
reference blood glucose values. Knowing solely the accuracy of CGM point approximation
of the process of glucose fluctuation is insufficient. It is also important to evaluate how
closely the CGM follows the rate and direction of blood glucose change, i.e., its trend or rate
accuracy. Rate accuracy is particularly important when CGM data are used for prediction of
acute glycemic events such as hypoglycemia, for hypo-/hyperglycemia alarms, or in
algorithms for closed-loop control. Mathematically, numerical rate accuracy is assessed by
the closeness between the first derivatives of the process of blood glucose fluctuation and its
CGM representation, a property that is reflected by the recently introduced R-deviation (10).
However, the R-deviation is only the first step in evaluation of the dynamics of glucose
fluctuations. Higher-order dynamic properties and long-term trends may provide additional
valuable information about sensor performance.

There are two general approaches to measuring proximity between time series, e.g.,
temporal performance of CGM. The first is purely numerical, relying on mathematical
“distances” between the true blood glucose values and trends and their estimates. The
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second approach is clinical, the device is judged by the clinical accuracy of the clinical
message it sends. We suggest that CGMs be evaluated using the entire array of numerical
and clinical metrics of point and rate accuracy because such a multidimensional assessment
would reveal a more comprehensive picture of sensor performance.

In this article we present a comparison of the accuracy of four sensors currently
manufactured in the U.S. and in Europe: Guardian, Freestyle Navigator, DexCom, and
Glucoday. The data for the comparison of these devices were collected in two clinical trials.
The first trial at the UVA tested Guardian, Navigator, and DexCom simultaneously. To the
best of our knowledge, this is the first study to assess the accuracy of three devices worn by
the participants at the same time. The data collected in Germany at the Profil Institute for
Metabolic Research assessed the accuracy of Glucoday. Because the two studies had similar
design and glycemic goals, a comparison of the results was possible.

In terms of numerical metrics, the accuracy of Guardian, Navigator, and Glucoday was
comparable, with advantage to the Navigator in hypoglycemia, whereas the numerical errors
of the DexCom were ~30% larger. Specific data aggregation allowed these conclusions to be
supported by statistical tests. The comparison of clinical accuracy using CG-EGA showed
comparable results for all sensors during euglycemia but substantially higher accuracy of the
Navigator and the Glucoday during hypoglycemia. Here we have to acknowledge that the
DexCom device tested in this study used the older model 3-day sensor. Recent data collected
with the new 7-day DexCom sensor showed improved accuracy of the device, namely
MARD of 15.8% and Med-ARD of 13.3% (16).

One limitation to the presented comparisons was the higher rate of glucose change induced
in the Profil study, which may be the reason for poorer rate accuracy of the Glucoday
compared with the other sensors. The higher rate of change, however, did not affect the
point accuracy of the Glucoday, leading to overall comparable clinical performance. Thus,
similar overall clinical accuracy can be achieved by different routes and only a detailed
point and trend (rate) accuracy analysis can reveal its specific components. We should also
note that reference blood glucose during the studies was measured using venous samples,
which would differ from the capillary samples used for sensor calibration. Because of this
difference and the induced high rates of glucose change, the sensor errors observed during
these clamp studies may be larger than the errors that would be observed in everyday use.

In summary, the numerical accuracy of Guardian, Navigator, and Glucoday was comparable,
with advantage to the Navigator in hypoglycemia; the numerical errors of the 3-day
DexCom sensor were ~30% larger. The clinical accuracy of the four sensors reflected by the
CG-EGA was similar during euglycemia and was higher for the Navigator and Glucoday
during hypoglycemia.
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CG-EGA continuous glucose—error grid analysis

CGM continuous glucose monitor

EGA error grid analysis

SO International Standards Organization

MAD mean absolute difference

MARD mean absolute relative difference

MedAD median absolute difference

MedARD median absolute relative difference

P-EGA point—error grid analysis

R-EGA rate—error grid analysis

UVA University of Virginia
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Table 1
Numerical accuracy
Guardian DexCom Navigator  Glucoday
Point accuracy: euglycemia (blood glucose = 3.9-10 mmol/l)
MAD (mmol/l) 0.91 1.24 0.89 0.87
MARD 15.2 21.2 15.3 15.6
MedAD (mmol/l) 0.82 1.06 0.85 0.60
MedARD 133 18.4 11.8 10.7
1SO: % readings within 20% from reference when reference >4.2 mmol/l 73.2 52.2 72.2 76.9
MAD (mmol/l) 0.55 0.73 0.36 0.47
MARD 16.1 215 10.3 17.5
MedAD (mmol/l) 0.42 0.64 0.24 0.40
MedARD 13.8 225 7.4 15.6
1SO: % readings within 0.8 mmol/I from reference when reference <4.2 mmol/I 76.5 52.9 79.4 83.0
Rate accuracy: descent into hypoglycemia Absolute R-deviation (mmol - 171 - h™1) 29 24 2.2 5.8
Rate accuracy: ascent from hypoglycemia Absolute R-deviation (mmol - 171 - h™1) 3.0 33 33 9.3

Data are percent unless otherwise indicated.
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Table 2
Clinical accuracy
Zone Guardian DexCom Navigator  Glucoday
P-EGA
A 76.3 55.4 76.3 88.5
A+B 97.5 100 99.7 98.7
Errors (C, D, E) 2.5 0 0.3 13
R-EGA
A 73.4 70.7 74.4 64.1
A+B 92.1 91.7 94.3 86.1
Errors (C, D, E) 7.9 8.3 5.7 13.9
CG-EGA: hypoglycemia
A 81.9 _* 95.5 87.3
A+B 84.4 — 97.0 96.2
Errors (C, D, E) 15.6 — 3.0 3.8
CG-EGA: euglycemia
A 91.3 91.1 93.7 84.4
A+B 98.9 98.3 98.6 95.5
Errors (C, D, E) 11 1.7 14 45

Data are %.

*
There were insufficient Dexcom data to perform CG-EGA during hypoglycemia.
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