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Abstract

Background:
The objective of this study was to examine whether setting the low glucose alarm of a Guardian® REAL-Time

continuous glucose monitoring system (CGMS) to 80 mg/dl for 3 days and providing instructions to users
reduce the risk of hypoglycemia under free-living conditions in individuals with type 1 diabetes mellitus (TIDM).

Methods:

Fourteen participants with TIDM aged 26.1 + 6.0 years (mean + standard deviation) were fitted with a CGMS
and assigned for 3 days to either an alarm [low and high blood glucose (BG) alarms set at 80 and 200 mg/dl,
respectively] or no alarm condition, with each treatment administered to all participants following a
counterbalanced design. All participants were given detailed instructions on how to respond appropriately to
low glucose alarms.

Results:

The CGMS with alarm reduced the incidence of hypoglycemia (CGMS readings <65 mg/dl) by 44% as well
as the time spent below this hypoglycemic threshold by 64% without increasing average BG levels. However,
the CGMS with alarm had no effect on the incidence of symptomatic hypoglycemia.

Conclusions:

Short-term use of the CGMS with alarm, together with appropriate instructions for users, reduces the incidence
and duration of hypoglycemia, but only to a limited extent, in part because it overestimates BG in the low
glucose range.

] Diabetes Sci Technol 2010;4(6):1457-1464

Author Affiliations: !School of Sport Science, Exercise and Health, University of Western Australia, Crawley, Western Australia, Australia;
2Department of Endocrinology and Diabetes, Princess Margaret Hospital, Subiaco, Western Australia, Australia; and ®Telethon Institute for Child
Health Research, Centre for Child Health Research, University of Western Australia, Perth, Western Australia, Australia

Abbreviations: (BG) blood glucose, (CGMS) continuous glucose monitoring system, (RT) real time, (TIDM) type 1 diabetes mellitus

Keywords: continuous glucose monitoring, hypoglycemia, low glucose alarm

Corresponding Author: Raymond ]. Davey, Ph.D., School of Sport Science, Exercise and Health, University of Western Australia, M408,
35 Stirling Highway, Crawley, WA, 6009, Australia; email address daveyr01@student.uwa.edu.au

1457



Effect of Short-Term Use of a Continuous Glucose Monitoring System with a Real-Time Glucose Display and

a Low Glucose Alarm on Incidence and Duration of Hypoglycemia in a Home Setting in Type 1 Diabetes Mellitus

Davey

Introduction

Continuous glucose monitoring systems (CGMSs)
that provide real- time (RT) glucose values and alarms
for impending hypo- and hyperglycemia have the potential
to improve diabetes therapy significantly. Clinical and
home-based studies have shown that CGMSs improve
glycemic control and detect hypoglycemic events when
used in conjunction with conventional therapy!~® However,
despite these potential benefits, the efficacy of CGMSs in
preventing hypoglycemia remains unclear. This is vital
to address, as preventing even mild hypoglycemia is
clinically important because the blood glucose (BG)
gap between the onset of mild hypoglycemia and more
severe hypoglycemia associated with neuroglucopenic
and autonomic responses is so narrow (15-30 mg/dl) that
mild hypoglycemia can progress to severe hypoglycemia
in a matter of minutes, particularly in individuals who
are physically active. Moreover, severe hypoglycemia may
remain undetected in hypoglycemia-unaware individuals
and have severe effects on their health.

Unfortunately, only a few randomized controlled trials
have examined whether a CGMS with an appropriately
set low glucose alarm could prevent hypoglycemia while
keeping the proportion of false alarms to a minimum
in a free-living context. In this regard, it has been
reported that setting the low alarm at 70 mg/dl is useful
for reducing the duration of hypoglycemic excursions,
but does not reduce the incidence of hypoglycemia.’
Another study reported a reduction in time spent below
55 mg/dl when the low glucose alarm is set to 100 mg/dl,
but included no data on the incidence of hypoglycemia or
false alarms? In a subsequent study, the same group
reported a 21% reduction in time spent below the threshold
for hypoglycemia with low glucose alarms set to 80 and
55 mg/dl, but again included no data on the incidence
of hypoglycemia or false alarms.!

The reported limited efficacy of CGMSs in reducing the
incidence and duration of hypoglycemia may be related
to the performance of the CGMS in the hypoglycemic
range. The accuracy of CGMSs has been examined
in individuals subjected to controlled hypoglycemia
in the laboratory"™ and in a free-living context.!415
Some studies have shown acceptable clinical accuracy
of CGMSs at low BG levels!® reporting only modest
discrepancies between BG levels and CGMS readings'
irrespective of BG dynamics and also during falls in
BG concentration.1®" However, others have reported
a delay in interstitial glucose readings following a BG

change, regardless of whether BG is rising or falling.***
Evidence also shows that the magnitude of this delay may
depend on the direction®?* or rate® of change in BG level,
with evidence of poor accuracy of CGMSs in the low
BG range where CGMS readings have been reported to
both overestimate and underestimate BG levels.!226-3

To warn users of impending hypoglycemia, it follows
that it would be an appropriate strategy to account for
inaccuracies of CGMS readings in the low BG range
by setting the low glucose alarm above the threshold
for hypoglycemia but below a level that would result
in an unacceptable number of false alarms. Bode and
colleagues’ suggested that the low glucose alarm setting
for detection of hypoglycemia should be at a threshold
of ~80 mg/dl for a 51% false alarm rate. However,
this had no effect on the incidence of hypoglycemia.’
One solution to this problem is to increase the alarm
setting; however, this would result in a rise in the
incidence of false alarms. Alternatively, because many
studies that have examined the efficacy of setting a
low glucose alarm to prevent hypoglycemia share the
limitation of an absence of specific instructions for
participants on how to respond to low glucose alarms,*
it is possible that providing such instructions may
improve the capability of CGMSs to prevent hypoglycemia.
Indeed, considering that the recommended CGMS alarm of
80 mg/dl’° would result in a BG concentration relatively
close to the threshold for autonomic symptoms of
hypoglycemia, it would be critical that immediate action
be taken once the alarm is triggered. For this reason,
this study examined whether setting the BG alarm at
80 mg/dl while providing participants with RT glucose
readings and stringent guidelines favoring immediate
action could reduce the incidence and duration of
hypoglycemia in a population of individuals with
type 1 diabetes mellitus (TIDM) in a free-living context.
In addition, because the efficacy of setting the low BG
alarm above the hypoglycemia threshold is limited by
the associated increased rate of a false alarm, another
novel aspect of this study is to examine the extent to
which the false alarm rate limits the efficacy of CGMS.

Research Design and Methods

Participants

Seven male and seven female participants aged 26.1 + 6.0
(mean * standard deviation) years, with a duration of
TIDM of 9.0 + 6.1 years, and glycated hemoglobin of

J Diabetes Sci Technol Vol 4, Issue 6, November 2010

1458

www.journalofdst.org



Effect of Short-Term Use of a Continuous Glucose Monitoring System with a Real-Time Glucose Display and

a Low Glucose Alarm on Incidence and Duration of Hypoglycemia in a Home Setting in Type 1 Diabetes Mellitus

Davey

79 + 1.8% volunteered for this study. None of the
participants were hypoglycemia unaware and all self-
monitored their BG at least three times per day as part
of their usual treatment. This investigation was approved
by the University of Western Australia Human Research
Ethics Committee, and written informed consent was
obtained from the participants.

Study Design

Participants were initially required to attend a familiari-
zation session where the study procedures were described
and were then given instructions on how to use their
Guardian® REAL-Time CGMS (Medtronic, MiniMed,
Northridge, CA). During this session, the personal
glucose meter of each participant was validated and
replaced if inaccurate.

All participants completed two randomly assigned
monitoring periods, including a control treatment and an
alarm treatment, both administered following a counter-
balanced study design where half the participants were
exposed to the alarm treatment first and the other
half to the control condition. Each treatment required
participants to wear a Guardian RT CGMS for 72 hours.
Prior to data collection, the Guardian RT CGMS was
initialized and calibrated as per the manufacturer’s
instructions using BG values obtained from personal
glucose meters. Thereafter, participants were instructed to
calibrate their CGMS at least three times per day as per
the manufacturer’s instructions for optimal use of the
Guardian RT CGMS.

Other than performing necessary calibrations, participants
in the control group had limited interaction with their
CGMS and received no feedback from it. In contrast,
participants in the alarm treatment were able to view
their RT glucose readings at their discretion and had
high and low glucose alarms set to alert them when
readings rose above 200 mg/dl or fell below 80 mg/dl.
The high threshold was chosen to encourage good
metabolic control, as average BG levels below 200 mg/
dl should yield glycated hemoglobin of <8.5%.% The low
threshold was set 15 mg/dl above hypoglycemic levels
to warn users of impending hypoglycemia; defined here
operationally as a CGMS reading of <65 mg/dl, thus
encompassing both asymptomatic and symptomatic
hypoglycemia. This hypoglycemic threshold was chosen
on the grounds that it is used commonly because it is
within the BG range that usually elicits a mild autonomic
response to a low BG level in hypoglycemia-aware

individuals.?* Participants in this treatment were given
detailed instructions on how to view their current
glucose level and how to respond to high and low glucose
alarms. In response to low glucose alarms, participants
were required to act promptly and perform a BG test
to confirm the reading such that no treatment decisions
were made on the basis of CGMS readings alone in
accordance with the manufacturer’s instructions. If the
value obtained was <80 mg/dl, participants were instructed
to consume two portions (~30 grams) of a high glycemic
index carbohydrate if the low alarm occurred either
when insulin was expected to be peaking or following
exercise or an increase in activity or if the glucose values
displayed on the CGMS were falling sharply prior to the
low alarm. If the low alarm occurred at any other time,
participants were instructed to consume one portion of
carbohydrates (~15 grams).

Four days after this initial 72-hour monitoring period,
participants completed the other condition. Testing sessions
were performed on the same days of consecutive weeks
to replicate routine activity and to reduce the potential
effect of environmental factors on behavior. Because both
treatments occurred within a 10-day period, female
participants were monitored during the follicular phase
of their menstrual cycle on both occasions.

Data Analyses

Continuous glucose monitoring system data were uploaded
and analyzed using Medtronic-MiniMed Solutions software.
The accuracy of the Guardian RT was determined by using
BG values entered for calibration as reference values.
In order to assess the accuracy of CGMS readings compared
to concomitant BG values used for calibration without
introducing a bias as a result of the calibration procedure,
CGMS and BG readings were always collected before
calibrating the CGMS. Accuracy was evaluated using error
grid analysis®?¢ and by determining the mean absolute
difference between CGMS readings and BG readings.
In addition, performance of the hypoglycemia alarm was
evaluated by determining alarm sensitivity (ability to
identify hypoglycemic events correctly) and specificity
(ability to identify the absence of hypoglycemic events
correctly) at a number of possible alarm boundaries.®¥”
False alarms were defined as low glucose alarms that
occurred when BG values were >65 mg/dl® Finally,
results were analyzed using paired ¢ tests to compare BG
and corresponding sensor glucose readings in the hypo-
glycemic range as well as the effect of the two treatments
on the incidence and duration of hypoglycemia.
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Results

Effect of CGMS on Frequency and Duration of
Hypoglycemia

The CGMS with alarm set at 80 mg/dl significantly
reduced the time spent below hypoglycemic thresholds
defined operationally as CGMS readings <65 mg/dl by
64% (p <0.05 and decreased the incidence of hypo-
glycemic episodes by 44% (p < 0.05), but without affecting
average BG level (Table 1). Furthermore, total time spent
below the low alarm threshold (80 mg/dl) relative to
the duration of sensor wear was reduced significantly
by more than 52% in the alarm condition compared
with the control condition (p < 0.05). However, the alarm
treatment did not affect the incidence of symptomatic
hypoglycemia (Table 1).

Evaluation of the Accuracy of CGMS and
Performance in the Hypoglycemic Range

The mean absolute difference, defined as the average of
the magnitude of absolute differences between CGMS
readings and BG meter readings, was 31 + 31 mg/dl for

0 DF
Alarm Control
Duration of sensor wear per 70.7 £ 5.3 70.0 = 7.0
participant (hours) (71.5-74.0) (71.0-74.0)
Average sensor glucose (mg/dl) 173 = 40 176 = 49
9 9 9 (139-194) (137-221)
Average number of low glucose 9.0 £ 84 Not
alarms per patient (3.0-17.0) applicable
Incidence of symptomatic 1.3+ 14 1.5+ 1.6
hypoglycemia per patient (0-2.0) (0-3.0)
Duration of sensor glucose <80 155 + 156 307 + 378
mg/dl (min) (40-310) (75-305)P
Relative time spent below
hypoglycemic threshold (%)
0.8 +1.2 2.2 + 341
CGMS <65 mg/dl (0-1.7) (0—2.6)b
Number of episodes of CGMS
hypoglycemia
09 +15 1.6 + 1.7
CGMS <65 mg/dl (0-2.0) (0-2.0)P
Lowest sensor glucose reading 67 + 16 63 + 14
(mg/dl) (52-76) (54-74)
@ All results expressed as mean + standard deviation
(interquartile range) for each 3-day treatment period.
b Significant difference between alarm and control treatments.

all CGMS and glucose meter readings. Altogether, 91 and
96% of CGMS values fell within the clinically acceptable
zones A and B of the Clarke and consensus error grids,
respectively. The average mismatch between CGMS and
BG readings (CGMS reading minus BG reading) over
a range of glucose concentrations was 14.8 + 2.5 mg/dl
(mean + standard error of the mean) for BG levels
of 0-90 mg/dl, -6.7 + 3.0 mg/dl for BG levels of
90-180 mg/dl, -156 + 4.7 mg/dl for BG levels of
180-270 mg/dl, and -38.3 + 11.6 mg/dl for BG levels
of 270-360 mg/dl; the mismatch was significant for all
BG ranges (p < 0.05; Figure 1A). When expressed as a
percentage, the mean absolute relative difference was
significantly greater in the 0- to 90-mg/dl BG range
compared with those above 90 mg/dl (Figure 1B).

Evaluation of the Low Glucose Alarm

The ability of the CGMS to discriminate between true
and falsely identified hypoglycemic events was evaluated
as described elsewhere.” Analysis showed that the CGMS
low alarm set at 80 mg/dl is able to detect hypoglycemia
(BG <65 mg/dl) with a sensitivity of 76% and a false
alarm rate of 62%. Increasing the alarm level to 90 mg/dl
would result in a favorable increase in the sensitivity of
the CGMS to detect BG levels <65 mg/dl (88%); however,
this would also increase the false alarm rate (67%).

Discussion

This study shows for the first time that the short-term
availability of continuous glucose readings, together with
a low glucose alarm set to 80 mg/dl and specific instructions
for responding to low alarms, significantly reduces the
incidence and duration of hypoglycemia by 44 and 64%,
respectively, without having any effect on average BG
levels. The inability of the CGMSs tested here to prevent
all hypoglycemia is most likely due to its ~15-mg/dl
overestimation of BG level in the hypoglycemic range.

Our findings support those of others who have shown
that use of a low glucose alarm reduces time spent below
hypoglycemic thresholds, but differ from previous
studies in that our protocol results in a marked reduction
in the incidence of hypoglycemia. As mentioned previously,
use of an alarm has been reported by others to reduce
the average duration of hypoglycemic episodes by
between only 21 and 47%,%%193%39 with no other study
reporting a fall in the incidence of hypoglycemia.
The findings of these studies are consistent with those of
McGarraugh and Bergenstal,** who reported that many
hypoglycemic events detected by a CGMS and verified
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with BG tests are not treated adequately, leading to an
extended episode of hypoglycemia. Also, it was noted
that most studies assessing the capabilities of a CGMS
with RT glucose information and glucose alarms do not
specify what the patient should do with the information
made available to them.* In our study, patients were
given specific instructions favoring immediate action in
response to low glucose alarms, which may explain why
the relative fall in the duration of hypoglycemia was
so pronounced and why the incidence of hypoglycemia
was reduced markedly with the alarm treatment. It is
important to stress, however, that the effect of providing
instructions per se on the incidence and duration of
hypoglycemia was not examined here and remains to
be determined. Finally, the fact that the lesser incidence
and the duration of hypoglycemia in the alarm treatment
were not accompanied by an increase in average BG level
is not surprising given that less than 3.5% of the time
was spent below the hypoglycemic threshold.

Our results showing that the use of a CGMS for 3 days
can reduce the incidence and duration of hypoglycemic
episodes in diabetic individuals is clinically highly relevant,
as most individuals with TIDM are more likely to use
a CGMS occasionally over successive days when at a
high risk of hypoglycemia rather than continuously
over weeks and months due to the high cost associated
with using these devices. Also, triggering of the low
BG level alarm informing the diabetes patient that an
episode of hypoglycemia is imminent is particularly
important during the day because BG can fall rapidly
to reach severe hypoglycemic levels, whereas during
the night nocturnal seizures can occur after several
hours of low BG levels.*! Despite the potential benefits
associated with the protocol described here, the extent to
which the broader population of individuals with TIDM
would benefit from using CGMSs in this way remains
to be determined, as success of the measures adopted
in this study to prevent hypoglycemia depends on
some members of the population accepting and actually
adhering to a few rather stringent guidelines. Also, the
extent to which other devices from Medtronic and other
manufacturers would perform compared to the Guardian
RT CGMS tested in this study remains to be determined.
Nevertheless, what this study suggests is that the risk of
hypoglycemia should fall significantly if the principles
adopted here were to be implemented irrespective of the
CGMS tested.

The observation that use of the low glucose alarm,
together with some simple instructions, did not decrease
the incidence of symptomatic hypoglycemia despite
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Figure 1. Average mismatch between CGMS and BG readings
(CGMS  readings minus BG readings) over a range of glucose
concentrations (A) and mean absolute relative difference (MARD)
between CGMS and BG readings expressed as a percentage over a range
of BG concentrations (B). All results expressed as mean +* standard
error of the mean. *Significant difference in mismatch (p < 0.05).
**Significant difference in mismatch compared with other groups
(p < 0.05).

reducing the risk of hypoglycemia determined from
a BG level assay, was expected to some extent, due to
the inaccuracies of the CGMS at low BG levels. If no
mismatches existed between CGMS readings and BG
levels, the incidence of symptomatic hypoglycemia
and hypoglycemia determined based on BG readings
would be expected to be lower for the alarm treatment.
However, because CGMS readings in the low glucose
range in this study overestimated BG levels by an average
of 14.8 mg/d], it follows that a CGMS alarm triggered at
80 mg/dl would, on average, correspond to a BG level of
65 mg/dl, which, as stated earlier, is within the BG range
that would normally elicit a mild symptomatic response
to hypoglycemia in hypoglycemia-aware individuals.*?
As a result and as observed in our study, the incidence
of symptomatic hypoglycemia would be expected to be
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comparable for both treatments. Also, it must be stressed
that the highly subjective nature of the participants’ records
of their symptomatic hypoglycemia further increases
the difficulty of detecting significant effects of the alarm
treatment.

Importantly, the mismatch between the CGMS reading
and the BG level also implies that this and other
studies”®® underestimate the true frequency and duration
of hypoglycemic events, thus overestimating the
performance of a CGMS. However, it is important to
mention that McGowan and colleagues' reported that
a CGMS may also overestimate the frequency and duration
of hypoglycemia. Indeed, in their study, the CGMS
underestimated BG in the low BG range, as determined
using reference BG values, suggesting that asymptomatic
hypoglycemic events detected by a CGMS may not have
been true hypoglycemia.!? Irrespective of whether CGMS
overestimates or underestimates BG levels in the hypo-
glycemic range, the susceptibility of a CGMS to error in
the low BG range, as well as the considerable variation in
the definition and assessment of hypoglycemia, suggests
that studies showing that CGMSs are useful for detecting
hypoglycemia?”#*-#¥ should be interpreted cautiously.

One way to prevent hypoglycemia despite the CGMS
overestimation of BG level observed in this study may be
simply to increase the low glucose alarm. However, we
show in agreement with others that increasing the alarm
level results in a favorable increase in the sensitivity of
the CGMS to detect hypoglycemia, but at the cost of an
undesirable increase in already elevated false alarm rates.’
Because a high rate of false alarms is likely to reduce
the compliance of the user,* this would be considered
unacceptable in a free-living setting. However, the
improved sensitivity to detect hypoglycemia with an
alarm set at levels above 80 mg/dl may be appropriate at
times of increased hypoglycemic risk, such as following
exercise or in cases of hypoglycemia unawareness.

Conclusions

In conclusion, this study shows that short-term use of
the Guardian RT CGMS low BG alarm set to 80 mg/dl,
together with specific instructions to follow in the
event of an alarm, significantly reduces the incidence
and duration of hypoglycemic episodes by 44 and 64%,
respectively. Although its value in warning users of
impending hypoglycemia is somewhat limited, most
likely because the CGMSs tested here overestimate BG
in the low BG range, the marked effect that its short-term
use has on the frequency and duration of hypoglycemia

indicates that even wearing a CGMS occasionally for a
short period of time may provide an effective tool for
the prevention of hypoglycemia.
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