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Accuracy of the GlucoWaich G2
Biographer and the Continvous Glucose
Monitoring System During Hypoglycemia

Experience of the Diabetes Research in Children Network

*THE DIABETES RESEARCH IN CHILDREN
NETWORK (DIRECNET) STUDY GROUP

OBJECTIVE — The goal of this study was to assess the accuracy of the GlucowWatch G2
Biographer (GW2B) and the continuous glucose monitoring system (CGMS) during hypoglyce-
mia in children and adolescents with type 1 diabetes.

RESEARCH DESIGN AND METHODS — During a 24-h clinical research center stay,
91 children and adolescents with type 1 diabetes (aged 3.5-17.7 years) wore one or two CGMSs,
and 89 of these subjects wore one or two GW2Bs. Frequent serum glucose determinations were
made during the day, overnight, and during insulin-induced hypoglycemia resulting in 192
GW?2B reference pairs and 401 CGMS reference pairs during hypoglycemia (reference glucose
=60 mg/dl).

RESULTS — During hypoglycemia, the median absolute difference between the 192 GW2B
reference glucose pairs was 26 mg/dl and between the 401 CGMS reference glucose pairs was 19
mg/dl with 31 and 42%, respectively, of the sensor values within 15 mg/dl of the reference
glucose. Sensitivity to detect hypoglycemia when the GW2B alarm level was set to 60 mg/dl was
23% with a false-alarm rate of 51%. Analyses suggested that modified CGMS sensors that became
available in November 2002 might be more accurate than the original CGMS sensors (median
absolute difference 15 vs. 20 mg/dl).

CONCLUSIONS — These data show that the GW2B and the CGMS do not reliably detect
hypoglycemia. Both of these devices perform better at higher glucose levels, suggesting they may
be more useful in reducing HbA . levels than in detecting hypoglycemia.
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ypoglycemia remains a major ob-

stacle to successful treatment of

type 1 diabetes, especially in chil-
dren. In adolescents with type 1 diabetes,
the risk of severe hypoglycemia is greatly
increased compared with adults, regard-
less of the intensity of treatment (1). In
young children with type 1 diabetes, there
are heightened concerns that hypoglyce-
mia will cause permanent neurologic se-
quelae (2,3). Across all age-groups, the
possibility of a severe hypoglycemic event
occurring at school, at play, or at night is
one of the greatest fears of patients and
parents alike (4).

The introduction of near-continuous
glucose monitors represents a technologic
advance that may be particularly useful in
the management of youth with type 1 di-
abetes. Two such devices are currently
FDA approved: the GlucoWatch G2 Biog-
rapher (GW2B) (Cygnus, Redwood City,
CA), which provides real-time measure-
ments of interstitial glucose concentrations
at 10-min intervals, and the continuous
glucose monitoring system (CGMS)
(Medtronic MiniMed, Northridge, CA),
which stores glucose values obtained ev-
ery 5 min for a retrospective review. The
GW2B is equipped with an alarm to signal
hypoglycemia and pending hypoglycemia
as well as hyperglycemia. The accuracy of
the GW2B has been reported in several
studies (5-10), but data in children are
limited (11), and prior studies have not
systematically evaluated sensor function
during acute hypoglycemia. There have
been several reports of frequent and pro-
longed hypoglycemia during the night
when using the CGMS (12-15). How-
ever, recent studies have raised questions
regarding the accuracy and reproducibil-
ity of the CGMS (15-17).

The purpose of this study is to report
the accuracy of the CGMS and GW2B
during hypoglycemia occurring either
spontaneously or during an insulin-
induced hypoglycemia test in children
with type 1 diabetes.
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RESEARCH DESIGN AND
METHODS — The study was con-
ducted by the Diabetes Research in Chil-
dren Network (DirecNet). The study
protocol, statistical methods, and in-
formed consent procedures have been de-
scribed in prior publications (18,19) and
are briefly summarized herein.

The major eligibility criteria for the
subjects included age 1-18 years, a clini-
cal diagnosis of type 1 diabetes, and insu-
lin therapy (either a pump or injections)
for at least 1 year. Each subject used the
GW?2B and CGMS during a 24-h clinical
research center (CRC) admission. To as-
sess CGMS function over the entire 72 h
of its life span, one-third of the subjects
had the CGMS inserted 48 h before ad-
mission, one-third 24 h before admission,
and one-third on admission to the CRC.
Subjects were offered the option of wear-
ing a second CGMS during the inpatient
stay. After admission to the CRC,a GW2B
sensor was placed and calibrated. A sec-
ond GW2B sensor was placed at a later
time so that there would be a minimum
2-hour overlap between the two GW2Bs
and such that at least one GW2B would be
functioning for the 24 h of serum glucose
measurements. A One Touch Ultra Meter
(Lifescan, Milpitas, CA) was used to ob-
tain glucose measurements for calibrating
the sensors.

Blood samples were obtained hourly
during the day, every 30 min overnight,
every 5 min for up to 90 min during an
insulin-induced hypoglycemia test, and
at additional times when the sensors were
calibrated or if there were symptoms of
hypoglycemia. Glucose measurements
were made at the DirecNet Central Bio-
chemistry Laboratory at the University of
Minnesota using a hexokinase enzymatic
method.

Subjects =7 years of age and of suffi-
cient weight to accommodate extra blood
sampling underwent an insulin-induced
hypoglycemia test. The purpose of the hy-
poglycemia test was to assess sensor func-
tion during an acute fall in glucose levels
into the mildly hypoglycemic range. If the
pretest blood glucose was <80 mg/dl,
juice or other carbohydrate was given
orally to raise the blood glucose above this
level before starting the test. For the test,
0.05-0.10 units regular insulin/kg body
wt were given by intravenous bolus injec-
tion. After 30 min, a second dose could be
given if the target glucose (<55 mg/dl)
had not been achieved. For subjects who

did not reach a glucose level <55 mg/dl,
the test ended after 90 min. For the sub-
jects whose glucose decreased to <55 mg/
dl, sampling continued every 5 min after
hypoglycemia treatment until the glucose
level was >80 mg/dl. Treatment of hypo-
glycemia was with either oral or intrave-
nous glucose at the discretion of the
investigator.

For analysis, the GW2B glucose val-
ues were adjusted for a 17.5-min lag time
and matched to reference serum glucose
measurements drawn within =5 min of
the sensor reading except during the in-
sulin-induced hypoglycemia test where
the matching was within £2.5 min. The
CGMS glucose values were matched to
reference serum glucose measurements
drawn within 2.5 min of the sensor read-
ing after adjusting for a CGMS lag time of
2.5 min. The lag times for the GW2B and
CGMS principally represent the time in-
volved to sample the interstitial fluid and
measure the glucose. Thus, the GW2B
value, when it appears on the device,
represents the glucose level 15-20 min
earlier.

The absolute difference was defined
as the absolute value of sensor glucose
value minus the reference glucose value.
Sensitivity was defined as the percentage
of reference values =60 mg/dl in which
the sensor was also =60 mg/dl. The false-
alarm rate was calculated as the percent-
age of sensor values =60 mg/dl in which
the reference value was >60 mg/dl. Dur-
ing the course of the study, Medtronic
MiniMed modified the sensor fabrication
process that had been used since 1999.
Accuracy analyses were conducted sepa-
rately for the “original” and “modified”
sensors. Statistical comparisons of the
original versus modified CGMS sensors
were conducted using the bootstrap (a re-
sampling technique to determine the sta-
tistical margin of error) (20).

Hypoglycemic episodes occurring
overnight (11:00 p.m.—6:00 a.M.) were de-
fined as periods with at least two sensor
glucose readings =60 mg/dl and no read-
ings >70 mg/dl (the episode was consid-
ered to have ended when the glucose
reading was >70 mg/dl). Episodes were
required to be separated by a period of at
least 30 min with all sensor readings >70
mg/dl. Only episodes during which there
was at least one reference glucose mea-
surement were counted. The episode was
considered to be confirmed if there was at
least one reference glucose value during

DirecNet Study Group

the period that was =70 mg/dl and not
confirmed if all reference values were
>70 mg/dl.

RESULTS — The study included 91
subjects ranging in age from 3.5 to 17.7
(mean 9.9) years; 51% were female and
85% were Caucasian.

GW2B

The reference glucose was =60 mg/dl for
192 of the 3,672 GW2B reference glucose
paired values. For the 192 reference glu-
cose values =60 mg/dl, the median abso-
lute difference of the GW2B values was 26
mg/dl; 31% of sensor values were within
15 mg/dl of the reference value.

Results were similar for hypoglycemic
reference values compared with GW2B
values obtained during the intravenous
insulin test and those obtained at other
times (Table 1). Among 45 subjects un-
dergoing the intravenous insulin test, the
reference glucose nadir was =60 mg/dlin
34 subjects wearing 48 GW2Bs during
the test. Of these, the GW2B nadir was
also =60 mg/dl for 12 (25%) case sub-
jects, 61-80 mg/dl for 27 (56%), 81-100
mg/dl for 8 (17%), and >100 mg/dl for 1
(2%). Among the 11 subjects wearing 16
GW?2Bs in whom the reference glucose
nadir was >60 mg/dl, the GW2B nadir
was =60 mg/dlin 1 of the 16 (6%).

For a hypoglycemia alarm setting of
60 mg/dl, GW2B sensitivity for detection
of an actual serum glucose level =60
mg/dl (based on the reference glucose
value) would be 23%; 51% of alarms
would be false. The reference glucose was
>80 mg/dl for 18% of these GW2B
alarms =60 mg/dl. As can be seen in Ta-
ble 2, greater sensitivity for detecting a
true glucose value =60 mg/dl would be
achieved by raising the alarm setting, but
this is at the expense of progressively
higher false-alarm rates.

During overnight monitoring (11:00
P.M.—06:00 aMm.), the GW2B reported 21
hypoglycemic episodes occurring in 16
subjects. A reference glucose value was
obtained during 18 of the episodes. Hy-
poglycemia (reference value =60 mg/dl)
was confirmed in 10 (56%) of the 18 ep-
isodes. In the eight nonconfirmed epi-
sodes, the lowest reference glucose value
ranged between 75 and 108 mg/dl.

CGMS
The reference glucose was =60 mg/dl for
401 of the 6,778 CGMS reference glucose

DiaBETES CARE, VOLUME 27, NUMBER 3, MARcH 2004

723



Accuracy of glucose sensors

Table 1—GW2B and CGMS accuracy during hypoglycemia for reference glucose values =60 mg/dl

GW2B CGMS (original sensors) CGMS (modified sensors)
During During During
intravenous Other intravenous Other intravenous Other
All insulin test times All insulin test times All insulin test times
n 192 101 o1 356 218 138 45 10 35
Sensor glucose value
=60 mg/dl 44 (23%) 25 (25%) 19 21%) 129 36%) 89 (41%) 40 (29%) 22 (49%) 6 (60%) 16 (46%)
61-80 mg/dl 70 (36%) 43 (43%) 27 30%) 108 30%) 64 (29%) 44 (32%) 16 (36%) 1(10%) 15 43%)
81-100 mg/dl 48 (25%) 25(25%) 23 (25%) 65 (18%) 40 (18%) 25(18%) 7 (16%) 3 (30%) 4 (11%)
101-120 mg/dl 15 (8%) 4 (4%) 11 (12%) 21 (6%) 10 (5%) 11 (8%)
>120 mg/dl 15 (8%) 4 (4%) 11 (12%) 33 (9%) 15 (7%) 18 (13%)
Absolute deviation* 26 (11,40) 24(15,35) 28(11,46) 20(8,37) 19(8,35) 21(9,37) 15(9,24) 10(5,29) 16(10,24)
Values within 15 mg/dl = 59 (31%) 27 27%) 32 (35%) 147 (41%) 90 41%) 57 (41%) 23 (51%) 7(70%) 16 (46%)

of reference

Data are n (%) and median interquartile range. *Absolute value of sensor glucose minus reference glucose.

paired values. For the 401 reference glu-
cose values =60 mg/dl, the median abso-
lute difference of the CGMS values was 19
mg/dl; 42% of sensor values were within
15 mg/dl of the reference value. There
were 356 CGMS reference glucose pairs
from original CGMS sensors and 45 pairs
from modified sensors. The median abso-
lute difference was 20 mg/dl for the orig-
inal sensors compared with 15 mg/dl for
the original sensors (P = 0.09).

Results for hypoglycemia occurring
during the intravenous test and at other
times are presented in Table 1 for the orig-
inal and modified sensors. During the in-
travenous insulin test, the reference
glucose nadir was =60 mg/dl in subjects
using 51 original sensors and three mod-
ified sensors. For the 51 original sensors,
the sensor nadir was =60 mg/dl in 26
(51%), 61-80 mg/dl in 11 (22%), 81—
100 mg/dlin 12 (24%), and >100 mg/dl
in 2 (4%). For the three modified sensors,

Table 2—Hypoglycemia detection and false-
alarm rates with varying “alarm” settings for
reference glucose =60 mg/dl

Sensitivity/false-alarm rate

Alarm setting CGMS CGMS

(mg/dl) GW2B  original modified
60 23/51% 36/63%  49/58%
80 59/67% 67/68%  84/64%
100 84/80% 85/76% 100/75%
120 92/85% 91/83% 100/84%

*False-alarm rate provides the percentage of time at
each alarm setting that when the device would alarm
the actual serum glucose would be >60 mg/dl.

the sensor nadirs were 42, 48, and 77 mg/
dl. Among the 10 subjects wearing 14
original CGMSs in whom the reference
glucose nadir was >60 mg/dl, the CGMS
nadir was =60 mg/dl in 2 of the 14
(14%). Among the six modified CGMSs
worn by three subjects in whom the ref-
erence glucose nadir was >60 mg/dl, the
CGMS nadir was also >60 mg/dl in all
six.

Because the CGMS is retrospectively
calibrated, real-time sensitivity for detec-
tion of hypoglycemia cannot be assessed.
However, we evaluated the data as if the
same level of accuracy would be present
with prospective calibration. For an alarm
setting of 60 mg/dl, the sensor sensitivity
for detection of a glucose level =60 mg/dl
(based on the reference glucose value)
would be 36% for the original sensors and
49% for the modified sensors (P = 0.37),
and 63 and 58%, respectively, of alarms
would be false. The reference glucose was
>80 mg/dl for 39 and 15% of these orig-
inal and modified CGMS alarms =60 mg/
dl, respectively. As with the GW2B,
greater sensitivity for detecting a true glu-
cose value =60 mg/dl is achieved by rais-
ing the alarm setting, but this is at the
expense of a higher false-alarm rate (Table
2).

During overnight monitoring (11:00
p.M.~06:00 aMm.), the CGMS reported 30
hypoglycemic episodes (as defined in Rre-
SEARCH DESIGN AND METHODS) occurring in
25 subjects with original sensors and four
episodes in 4 subjects with modified sen-
sors. For 26 of the episodes with the orig-
inal sensors and for three of the episodes

with a modified sensor, a reference glu-
cose value was obtained during the epi-
sode. Hypoglycemia (reference value
=60 mg/dl) was confirmed in 8 (31%) of
the 26 events detected by the original sen-
sors and in all three detected with the
modified sensors. For 12 of the 18 uncon-
firmed episodes with the original sensors,
the lowest reference glucose value was
>100 mg/dl.

CONCLUSIONS — This study was
designed to evaluate the accuracy of the
GW?2B and CGMS in children and adoles-
cents with type 1 diabetes. Because a crit-
ically important function of these sensors
is in the detection and prevention of hy-
poglycemia, the current report focuses on
performance of the devices during both
induced and spontaneous reductions in
serum glucose concentrations. Our re-
sults demonstrate that neither the GW2B
nor the CGMS is accurate with respect to
reporting glucose values in the hypogly-
cemic range. For reference serum glucose
values that were =60 mg/dl, the median
absolute differences of the GW2B and the
original and modified CGMS sensors
were 26, 20, and 15 mg/dl, respectively,
and only 31, 41, and 51% of the sensor
values, respectively, were within 15 mg/dl
of the reference glucose values. Addition-
ally, reference glucose levels did not con-
firm a substantial fraction of the low
sensor values reported by both systems.
As we have reported in detail elsewhere
(18,19), the accuracy of the GW2B and
the CGMS is considerably better when
reference glucose levels are >100 mg/dl.
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A major benefit of real-time com-
pared with retrospective glucose sensing
is the capacity to equip the system with
hypoglycemia alarms. Consequently, we
also explored the sensitivity and specific-
ity of a range of alarm settings for the de-
tection of hypoglycemia using the GW2B
and reference serum glucose values.
However, it must be remembered that the
glucose value appearing on the device is
estimating the serum glucose level 15-20
min earlier. As indicated in Table 2, the
GW2B alarm would have to be set at 120
mg/dl to capture at least 90% of actual
serum glucose concentrations that were
=60 mg/dl. However, at this setting, 85%
of alarms would be false positives. Setting
the alarm to trigger at a sensor value of 60
mg/dl would reduce the false-alarm rate
to 51%, but only 23% of true low refer-
ence glucose levels would be identified.
For hypoglycemic episodes detected by
the GW2B overnight, only 10 of 18 were
confirmed by a reference serum glucose
obtained during the episode. A previous
GW?2B accuracy study in 66 children re-
ported that with an alarm setting of 90
mg/dl, sensitivity was ~90% to detect a
reference glucose level =70 mg/dl, but
the false-alarm rate was ~70% (11). In
our data, an alarm level of 90 mg/dl would
detect 72% of values =70 mg/dl with a
false-alarm rate of 58%. In addition to its
hypoglycemia alarm function, the GW2B
has a “down-alert” function that alarms
when the trend of sensor values indicates
impending hypoglycemia. We are in the
process of developing an analytic ap-
proach to assess this function of the GW2B.

The CGMS does not provide data in
real time: glucose values are calculated us-
ing calibration values from both before
and after the glucose sampling. Neverthe-
less, we evaluated how well the CGMS
would alarm for hypoglycemia under the
assumption that the accuracy would be
similar in real time. It is likely that accu-
racy would be lower with prospective cal-
ibration, so these results should be
considered to be the best-case scenario for
the CGMS. Similar to our findings with
the GW2B, sensitivity was relatively low
with an alarm setting of 60 mg/dl, al-
though better with the modified sensors
than with the original sensors. As with the
GW?2B, setting a higher alarm setting in-
creased sensitivity but at the expense of a
high false-alarm rate.

For hypoglycemic episodes detected
overnight by the original CGMS sensors,

only 8 of 26 were confirmed by a refer-
ence serum glucose obtained during the
episode. Although there were only three
nocturnal episodes of hypoglycemia with
the new sensors, all were confirmed by
the reference glucose measurements. Sev-
eral studies that have used the original
CGMS sensors to evaluate metabolic con-
trol in children and adolescents with type
1 diabetes have reported an unexpectedly
high incidence of asymptomatic hypogly-
cemia, especially at night (12-14).
McGowan et al. (15) recently examined
CGMS function at night in seven children
with type 1 diabetes. In that study, four of
five nocturnal hypoglycemic episodes
that were detected by the CGMS could
not be verified by reference glucose mea-
surements. Guerci reported the CGMS’s
sensitivity to detect hypoglycemia to be
33% (similar to what we found using orig-
inal sensors) (21). Our data support the
contention that previous clinical studies
using the CGMS in children with type 1
diabetes overestimated the true incidence
of hypoglycemia.

Because the GW2B and CGMS are
more accurate in sensing high versus low
glucose values, (18,19) the systems are
likely to be of value in adjusting bolus and
basal insulin doses in individuals with el-
evated HbA, . levels. For the GW2B, the
accuracy for low glucose values limits the
feasibility of its alarm function. Whereas
some users will accept a high false-alarm
rate to detect a high proportion of low
glucose values, many will not. Thus, for
many users, the greatest value of the
GW?2B may be for detecting trends and
not for serving as a sentinel for hypogly-
cemia. The accuracy of this early genera-
tion of glucose sensors is reminiscent of
the early generations of glucose meters,
which were less accurate than those cur-
rently available. Therefore, an expectation
exists that future generations of sensors will
have improved accuracy resulting in greater
use for the detection of hypoglycemia.
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