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Abstract

Hypoglycemia remains the limiting factor of near-normal glucose control in people with diabetes using insulin therapy.
Continuous glucose monitoring (CGM) may be able to avoid hypoglycemia and support the management of hypoglycemia
problems in clinical care. Real-time continuous glucose monitoring (rtCGM) systems provide alerts if certain predetermined
hypo- or hyperglycemic thresholds are exceeded. The combination of rtCGM systems with insulin pumps allows insulin
delivery to be suspended if glucose falls below certain predefined thresholds. This might also support avoidance of
hypoglycemia. More sophisticated closed-loop systems allow a semiautomatic insulin dosage, which also have the potential
for the prevention of hypoglycemia. In this overview, we discuss and illustrate (1) the efficacy of CGM for intervention in
people with hypoglycemia problems and for the avoidance of biochemical as well as clinical hypoglycemia; (2) the potential
of CGM technology for the identification of people with diabetes who are at risk for hypoglycemia problems; and (3) the
implications of the current state of the art for future research regarding CGM and hypoglycemia. As an example, how
rtCGM data can facilitate identification of people with diabetes and an elevated risk of hypoglycemia, a secondary analysis
of the HypoDE data is presented. We conclude that CGM technology can assist in the reliable identification of people with
diabetes who are at risk for hypoglycemia problems, is a powerful intervention for the avoidance of mild as well as severe
hypoglycemia, and can also stimulate research on the course of hypoglycemia problems.
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severe forms of hypoglycemia can result in coma, seizure,
stroke, or cardiac arrhythmias.”'> In people with type 1 and
type 2 diabetes, severe hypoglycemia is also a risk factor for
early mortality."*'> Hypoglycemia-related fears and worries
are rather common in people with diabetes.'®'” In his excel-
lent review, Brian Frier introduced hypoglycemia as the most
common and feared adverse effect of insulin therapy.’

The Scope of the Problem

For the prevention of diabetic complications, diabetes thera-
pies, especially insulin therapy, are striving for near-normo-
glycemia. The Diabetes Control and Complications Trial
(DCCT) could clearly demonstrate that short-term' as well as
long-term prevention® of micro- as well as macrovascular
complications was associated with near-normoglycemia.
However, they also found that tighter glycemic control was
associated with a tripling of the incidence of severe hypogly-
cemia (third party assistance required for treatment).** Severe
hypoglycemia and its associated neuroglycopenia interrupts
daily life and has a high risk potential especially during cer-
tain activities like driving, swimming or challenging tasks.>®
Hypoglycemia problems may also cause employment restric-
tions or insurance problems.” Hypoglycemia-induced emo-
tional and behavioral changes can also negatively affect social
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life of people with diabetes and can result in interpersonal
conflicts and arguments.® The international DAWN-2 study
showed that family members are also frequently affected by
hypoglycemia problems of the person with diabetes.'*'! More
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The epidemiological evidence on the prevalence and inci-
dence of hypoglycemia suggests a nonnormal distribution of
hypoglycemic episodes amongst people with diabetes.” In
the DCCT, 22% of the study participants had at least five
hypoglycemic events resulting in coma or seizure during this
period. In addition, this minority accounted for more than
55% of all these severe hypoglycemic events. At the same
time, 30% of the participants experienced no episode of
severe hypoglycemia during the 9-year follow-up.® A multi-
national and multicenter study including more than 1000
people with type 1 diabetes corroborated the unequal distri-
bution of severe hypoglycemia. In this study from Pedersen-
Bjergaard,'® severe hypoglycemia was reported by a minority
of 36.7% of participants. The distribution was highly skewed
with 5% of subjects accounting for 54% of all episodes. A
recent register study investigating the prevalence of severe
hypoglycemia confirmed these findings again, showing that
10% of individuals registered with type 1 diabetes accounted
for all of the observed hypoglycemic events."® Interestingly,
a similar accumulation of severe hypoglycemia also appears
to exist in type 2 diabetes. Henderson et al*® reported that
severe hypoglycemia occurred in only 15% of insulin-treated
people with type 2 diabetes. There was also a subgroup of
nearly 3% with two or more severe hypoglycemic events.

In conclusion, the risk of severe hypoglycemia is not the
same for all people with diabetes. There is clear epidemio-
logical evidence for the existence of certain groups that have
a particularly high risk of hypoglycemia. Several risk factors
for hypoglycemia problems, for example, previous hypogly-
cemic events, long diabetes duration respectively duration of
insulin therapy have been identified. A more detailed over-
view about the risk factors for severe hypoglycemia in peo-
ple with type 1 and type 2 diabetes is provided in the review
by Frier.”

A key risk factor for the occurrence of severe hypoglyce-
mia is impaired hypoglycemia awareness. In published stud-
ies, the pathophysiological basis for the development of
impaired hypoglycemia awareness is referred to as hypogly-
cemia-associated autonomic failure (HAAF).*"** In addition
to a diminished glucagon response to low glucose values, gly-
cemic thresholds for blood glucose counterregulation and
hypoglycemia warning symptoms are at a lower glucose level
in people with impaired hypoglycemia awareness.”'
Etiologically important for the genesis of HAAF is a frequent
exposure to biochemically mild hypoglycemia.” Frequent
and/or long-lasting mild hypoglycemic episodes seem to be
associated with an adaptation process toward lower glucose
values, leading to a shift of glycemic thresholds to lower glu-
cose levels for hypoglycemia warning symptoms and glucose
counterregulation. Nocturnal hypoglycemia during sleep
poses a special risk for this adaptation process because it is
frequently slept through and therefore not recognized. With
the shift of glycemic threshold toward lower glucose levels,
people with impaired hypoglycemia awareness are alerted at
lower glucose levels of impending hypoglycemia, thus

increasing the risk for severe hypoglycemia.** Strict avoid-
ance of hypoglycemia can ameliorate HAAF syndrome by
shifting the threshold for hypoglycemia warning symptoms
and protective glucose counterregulation to near-normal glu-
cose levels, resulting in an improvement of impaired hypo-
glycemia awareness.” 2’

Avoidance of low glucose values and the identification of
people with diabetes and impaired hypoglycemia awareness
is important for an improved management of hypoglycemia
problems. Continuous glucose monitoring (CGM) is an
increasingly important diabetes technology that has the
potential to facilitate avoidance of low glucose values and
the identification of people with diabetes and impaired hypo-
glycemia awareness. This technology is currently available
as real-time continuous glucose monitoring (itCGM) or as
flash sensor-based glucose monitoring. The latter requires
scanning of the current glucose values with a reader or smart-
phone to get access to current glucose values, the history of
glucose course, and trend information. This system is there-
fore named intermittent scanning CGM (iscCGM).

RtCGM and iscCGM provide a more comprehensive over-
view of glycemic control than traditional indicators, such as
Alc or the results of the self-monitored blood glucose
(SMBG). Whereas Alc is primarily an indicator of hypergly-
cemia and the risks of diabetes-specific complications, it is
less able to reveal exposure to low glucose values and thus is
not best suited to indicate the risk of severe hypoglycemia.
Spot blood glucose measurements can show exposure to low
glucose values, but gaps of several hours between these mea-
surements may leave many exposures to low glucose values
undetected, especially during the night. In contrast to these
methods, rtCGM or iscCGM provide continuously measured
glucose levels and is therefore optimally suited to assess and
reliably quantify exposure to low glucose values. Since
rtCGM devices can alert people with diabetes of low glucose
values, rtCGM is also a valuable interventional tool for avoid-
ing low glucose values and ameliorating HAAF and impaired
hypoglycemia awareness.

In this overview, we discuss the potential of CGM tech-
nology for diagnostic and interventional purposes in people
experiencing problems with hypoglycemia as well as the
implications of CGM on future hypoglycemia research. We
believe that CGM technology (1) is a powerful intervention
tool for the avoidance of mild as well as severe hypoglyce-
mia, (2) can reliably assist in the identification of people
with diabetes who are at risk for hypoglycemia problems,
and (3) can facilitate research on the course of problematic
hypoglycemia.

Is rtCGM an Effective Intervention to
Reduce Hypoglycemia Problems?
Table 1 gives an overview about randomized controlled trials

testing the efficacy of tCGM systems in people with hypo-
glycemia problems or testing the efficacy of rtCGM on a
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Table I. Comparison of Hypoglycemia-Related rtCGM/iscCGM Randomized Controlled Trials.

Inclusion criterion Hypoglycemia-related Hypoglycemia-related Insulin

Study hypoglycemia problems primary endpoint Primary endpoint secondary endpoint  application

Battelino et al*? No Yes Time spent in Yes CSll & MDI
hypoglycemia

Ly etal® Yes Yes Episode of severe Yes csli
hypoglycemia

Little et al®® Yes Yes Hypoglycemia awareness Yes CSIl & ICT

HypoCOMPaSS

van Beers et al”’ Yes No Time in range Yes CSI & ICT

IN CONTROL

Heinemann et al*"* Yes Yes Low glucose event Yes MDI

HypoDE

Bolinder et al®® No No Time in range Yes CSIl & MDI

IMPACT

Haak et al** No No HbAlc Yes MDI

REPLACE

Bold: significant effect in favor for rtCGM respectively iscCGM.

hypoglycemia-related primary endpoint. In addition, Table 1
comprises studies investigating the efficacy of iscCGM.
Currently, there are only four published randomized con-
trolled studies that specifically included people with diabetes
and hypoglycemia problems. These four studies were the
studies by Ly et al,” IN CONTROL,” HypoCOMPaSS,*
and HypoDE.” The study of Battelino et al** was powered
for a hypoglycemia-specific primary endpoint but did not
specifically include people with hypoglycemia problems.
All studies examining the effects of tCGM technology in
people with diabetes and hypoglycemia problems yielded
positive results on hypoglycemia-specific primary and sec-
ondary outcomes, except the HypoCOMPaSS study.”® While
this study included only people with impaired hypoglycemia
awareness, it was powered to test the impact of one insulin
application method (multiple daily insulin injections [MDI]
vs another [insulin pumps]). Surprisingly, it was not powered
for detecting a difference between rtCGM and SMBG. In
addition, adherence to tCGM in the HypoCOMPaSS™ study
(only 57% wearing time in the tCGM arm during the study
period) was relatively low compared to the three other stud-
ies (Ly et al; IN CONTROL; HypoDE), which recoded a
wearing time greater than 90%.”**?' The results of the
HypoCOMPaSS study regarding the efficacy of tCGM on
hypoglycemia should therefore be interpreted with caution.
The other three randomized controlled trials, IN
CONTROL,” HypoDE,” as well as the study published by
Ly et al,*® showed an improvement of biochemical as well as
severe hypoglycemic episodes.”**?* All three studies
included only people with type 1 diabetes and hypoglycemia
problems, which was novel since people with hypoglycemia
problems were frequently excluded from other tCGM stud-
ies. However, these three studies differed regarding insulin
treatment. In the study by Ly et al,” all participants were
treated with insulin pump therapy. In the IN CONTROL

study, 42% of the participants were treated with an insulin
pump, whereas in the HypoDE study, only participants with
MDI treatment were included. The study by Ly et al and the
HypoDE study had a hypoglycemia-specific endpoint,
whereas the IN CONTROL study used “time in range” as the
primary outcome.

Interestingly, all three studies were able to reduce expo-
sure to low glucose values. Participants of the study con-
ducted by Ly et al were able to reduce the time spent in a
hypoglycemic glucose range (<70 mg/dl, <3.9 mmol/L) by
1.4 percentage points or by 20 minutes per day.”® The IN
CONTROL study reduced exposure to glucose values =70
mg/dl (=3.9 mmol/L) by 4.7 percentage points,” similar to
the reduction observed in the HypoDE study (4.8% percent-
age points).”® Since the exposure to biochemical hypoglyce-
mia is a key factor for the development of HAAF,”' these
reductions can be considered to be clinically meaningful.

All three studies were also able to show a significant or
marginally significant reduction in the rate of clinical hypo-
glycemia. Figure 1 shows the incidence rate ratios and odds
ratios for a reduction in severe hypoglycemia. Use of sensor-
augmented insulin pump therapy could reduce the incidence
of the combined endpoint of moderate (third-party assis-
tance) and severe hypoglycemia (coma or seizures) by
72%.** The reduction of hypoglycemia-induced coma and
seizure could also be significantly reduced by 34%. However,
these results were disputed by the German IQWIG (Institute
for Quality and Efficiency in Health Care) due to the small
number of people affected.** In the HypoDE study, a reduc-
tion in the incidence of clinical hypoglycemia of 64% was
achieved.” The IN CONTROL study showed a halved risk
for clinical hypoglycemia during rtCGM use compared to
SMBG use.”” In summary, it could be demonstrated that the
use of tCGM was able to reduce biochemical as well as clin-
ical hypoglycemia to a clinically meaningful extent. Of note
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Figure |. Efficacy of rtCGM for the reduction of severe hypoglycemia (odds ratio or incidence rate ratio).

is that these beneficial effects were demonstrated in popula-
tions with different insulin regimens.

The mechanism of hypoglycemia prevention by CGM is
currently not well understood. All of the CGM studies
described above used devices that alert study participants if
glucose levels fall below a predefined threshold. In addition
to the low glucose alerts, the constant availability of glucose
information (level of glucose, previous course, and trend
arrows), which allows immediate response to low or lower-
ing glucose values, might be an explanation for the preven-
tive effect of CGM on hypoglycemia in people with type 1
diabetes.

A rather new CGM technology is iscCGM. This technol-
ogy can provide current glucose information, the previous
course of the glucose, and expected glucose trends as often
as the user actively scans the sensor. Currently, there are two
randomized controlled trials that evaluated the efficacy of an
iscCGM system that was not able to provide low glucose
alerts in people with type 1 diabetes® and type 2 diabetes.*
In the IMPACT study, a group of people with well-controlled
type 1 diabetes (HbAlc < 7.5%) was included.” However,
participants with impaired awareness of hypoglycemia were
excluded from the IMPACT study. Nevertheless, the
IMPACT study demonstrated a reduction in the number of
low glucose values (<70 mg/dl, <3.9 mmol/L) by 1.24
hours per day or by 5.1 percentage points, which might indi-
cate that CGM data is beneficial for the avoidance of low
glucose values, even in the absence of low glucose alerts. At
the end of the study, however, still 8.6% of glucose values
(2.03 h) were recorded as lower than 70 mg/dl (3.9 mmol/L).
A subsequent analysis of the IMPACT sample demonstrated
that a reduction in the exposure to such low glucose values
was present in participants with MDI as well as with insulin
pumps.’” However, clinical hypoglycemia was not positively
influenced using iscCGM, possibly due to too few events

that has limited the statistical power to demonstrate such
effects. The same iscCGM technology as used in the IMPACT
study was also tested in people with type 2 diabetes in the
REPLACE study.*® In this study, participants were selected
based on an elevated Alc. The REPLACE study could dem-
onstrate a significant reduction of biochemically defined
hypoglycemia according to different thresholds. However,
the prevalence of hypoglycemia problems was very low in
this sample, probably due to the sample selection, which
might be responsible for the lack of a significant effect of
iscCGM on clinical hypoglycemia in this study.

In summary, there is well-founded evidence from method-
ologically sound studies that CGM can reduce exposure to
low glucose values as well as clinical hypoglycemia prob-
lems. Interestingly, the preventive effect of CGM on hypogly-
cemia seems to be stable across different insulin application
regimens (insulin pumps, sensor-augmented insulin pump
therapy or MDI) and different CGM technologies. Studies
evaluating the use of iscCGM could also demonstrate a
reduced exposure to low glucose values while a reduction of
clinical hypoglycemia was not observed using iscCGM until
now. This might be due to the sample selection of the IMPACT
and REPLACE study (exclusion of participants with hypo-
glycemia problems or poorly controlled individuals with type
2 diabetes) or to the missing of alerts in the iscCGM-systems
used in these studies.

Can CGM Facilitate Diagnosis of
Hypoglycemia Problems?

CGM technology provides glucose data every 5 to 15 min-
utes. Thus, caregivers and people with diabetes receive a
complete overview of daily and nocturnal glucose values,
allowing previously unrecognized asymptomatic mild epi-
sodes of hypoglycemia to be easily detected.
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Table 2. Screening Performance of Different CGM-Derived Parameters to Predict Severe Hypoglycemia or Persistence of Impaired

Awareness of Hypoglycemia.

CGM parameter

Area under ROC (95% ClI)

Cutoff values  Sensitivity ~ Specificity

Prediction of severe hypoglycemia

% <70 mg/dl (3.9 mmol/L)

% <54 mg/dl (3.0 mmol/L)

LBGI

Number of <70 mg/dl (3.9 mmol/L) glucose events per 28 days

Number of <54 mg/dl (3.0 mmol/L) glucose events per 28 days

Number of prolonged <54 mg/dl (3.0 mmol/L) glucose events
per 28 days

Persistence of hypoglycemia unawareness

% <70 mg/dl (3.9 mmol/L)

% <54 mg/dl (3.0 mmol/L)

LBGI

Number of <70 mg/dl (3.9 mmol/L) glucose events per 28 days

Number of <54 mg/dI (3.0 mmol/L) glucose events per 28 days

Number of prolonged <54 mg/dl (3.0 mmol/L) glucose events
per 28 days

0.69 (0.54-0.85) 7.0% 71.4% 66.6%
0.69 (0.52-0.85) 2.4% 71.4% 59.6%
0,70 (0.55-0.86) 1.6 71.4% 57.7%
0.72 (0.54-0.87) 28 71.4% 69.6%
0.73 (0.55-0.86) 10.5 71.4% 59.6%
0.69 (0.53-0.85) I 79.0% 56.0%
0.78 (0.67-0.89) 6.7% 75.7% 75.4%
0.79 (0.68-0.90) 2.4% 75.7% 79.9%
0.79 (0.67-0.86 2.0 83.4% 62.1%
0.73 (0.60-0.85) 31 75.7% 62.1%
0.79 (0.67-0.90) 12.5 78.8% 62.1%
0.79 (0.68-0.90) 1.5 73.0% 83.0%

The consensus paper by Danne et al*® recommends the use
of CGM data to evaluate exposure to low glucose values by
assessing the percentage or duration of low glucose values
and the number of low glucose events. It is recommended that
the percentage or duration of low glucose readings lower than
70 mg/dl (3.9 mmol/L) and lower than 54 mg/dl (3.0 mmol/L)
be assessed. In addition, the number of hypoglycemic events
(for at least 15 minutes) with glucose values <70 mg/dl (3.9
mmol/l) and <54 mg/dl (3.0 mmol/L) should be evaluated. A
more severe low glucose event is indicated when the glucose
values are <54 mg/dl (3.0 mmol/L) for at least 120 minutes.
The low blood glucose index (LBGI) should also be calcu-
lated as an indicator of hypoglycemia risk.

From a diagnostic perspective it is important to under-
stand to what extent the CGM-derived parameters of the
consensus statement can assist in identifying people who are
at risk for hypoglycemia problems. The identification of
people who are at increased risk for severe hypoglycemia or
impaired awareness of hypoglycemia opens the possibility
of undertaking proactive actions to prevent hypoglycemia
problems.

To provide an example of using these parameters for iden-
tifying people with diabetes and problems with hypoglycemia,
we reanalyzed data from the HypoDE study, a randomized
controlled rtCGM study targeting the reduction of low glucose
events by rtCGM. In this study, only people with type 1 diabe-
tes and impaired awareness of hypoglycemia or severe hypo-
glycemia in the last 12 months were included. The details of
the study have been previously published.** For these spe-
cific prospective analyses, we used the baseline tCGM data of
the control group that received masked CGM for 28 days dur-
ing the baseline phase. The control group underwent SMBG
during the 26-week intervention and outcome phase. For the
control group, we prospectively analyzed the utility of the

CGM-derived parameters at baseline to predict future occur-
rences of clinical hypoglycemia during the following interven-
tion and outcome phase. Since nearly all participants were
classified as hypoglycemia unaware due to the inclusion crite-
ria, we further analyzed the utility of the CGM-derived param-
eters to predict the persistence of impaired awareness of
hypoglycemia (defined by a questionnaire™’) at the end of the
intervention and outcome phase.

The area under the receiver operating characteristic
(ROC) curves is a good measure of the screening perfor-
mance of the CGM parameters to predict future severe hypo-
glycemia or the persistence of impaired awareness of
hypoglycemia. Supplementary Figure S1 shows the area
under the ROC curves for the ability of CGM parameters to
predict future severe hypoglycemia. All six parameters—%
<70 mg/dl (3.9 mmol/L), % <54 mg/dl (3.0 mmol/L),
LBGI, number of <70 mg/dl-events (3.9 mmol/l), number of
<54 mg/dl-events (3.0 mmol/L), number of prolonged <54
mg/dl-events (3.0 mmol/L)—showed areas under the ROC
curves between 0.69 and 0.73, indicating a significantly bet-
ter ability of all six CGM parameters to predict future severe
hypoglycemia than identification by chance, which would
correspond to an area under the ROC curve of 0.50. Since all
six parameters had a similar area under the ROC curve and
overlapping confidence intervals (Table 2), there is no clear
advantage of a specific parameter out of these six parameters
recommended by the consensus statement for this particular
sample from the HypoDE study.

Prospective analysis of the persistence of impaired aware-
ness of hypoglycemia yielded similar results (Supplementary
Figure S2). The areas under the ROC curves for the persis-
tence of impaired hypoglycemia awareness were slightly
higher than for the prediction of future severe hypoglycemia.
All six CGM parameters significantly better predicted the
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Table 3. Hazard Ratios for Future Severe Hypoglycemia or the Persistence of Hypoglycemia Unawareness Based on CGM-Derived

Parameters.

CGM parameter

Hazard ratio (95% ClI)

Hazard ratio (95% ClI)

% <70 mg/dl (3.9 mmol/L)

% <54 mg/dl (3.0 mmol/L)

LBGI

Number of <70 mg/dl (3.9 mmol/L) glucose events per 28 days

Number of <54 mg/dl (3.0 mmol/L) glucose events per 28 days

Number of prolonged <54 mg/dl (3.0 mmol/L) glucose events
per 28 days

Severe hypoglycemia

Persistence of hypoglycemia unawareness

.14 (1.02-1.26) 1.23 (1.09-1.39)
127 (1.05-1.53) 153 (1.18-1.98)
1.67 (1.11-2.53) 2.34 (1.43-3.96)
1.04 (1.01-1.07) 1,05 (1.01-1.07)
1110 (1.03-1.17) 113 (1.06-1.22)
133 (1.03-1.72) 1.95 (1.30-2.90)

persistence of impaired awareness of hypoglycemia than
identification by chance, but no specific parameter showed a
clear superiority for this prediction.

Based on the results of the ROC-analyses, the cutoff val-
ues to predict an increased risk for future severe hypoglyce-
mia or the persistence of impaired awareness of hypoglycemia
are shown in Table 2. For example, having 7% respectively
6.7% or more glucose values <70 mg/dl (3.9 mmol/L) can
predict future risk for severe hypoglycemia or persistence of
impaired hypoglycemia awareness with the best sensitivity
and specificity. A cutoff value of 2.5% or more is suggested
for glucose values <54 mg/dl (3.0 mmol/L). An LBGI of 1.6
or more predicts severe hypoglycemia. A total of 28 low glu-
cose events <70 mg/dl (3.9 mmol/L) (one per day in the
baseline phase) and 10.5 low glucose events <54 mg/dl (3.0
mmol/L; one in every three days) are indicative of future
severe hypoglycemia. One prolonged event <54 mg/dl (3.0
mmol/L) indicates an increased risk of severe hypoglycemia.
The corresponding sensitivity and specificity values also
indicate that the screening performance of these cutoff val-
ues has room for improvement. However, these cutoff values
might help to assist in the clinical evaluation of the recom-
mended hypoglycemia-specific CGM parameters. The lower
part of Table 2 provides the corresponding cutoff values for
the prediction of the persistence of impaired awareness of
hypoglycemia. Interestingly, similar cutoff values as for the
prediction of severe hypoglycemia are suggested.

Table 3 provides the hazard ratios for the future occur-
rence of severe hypoglycemia. When the percentage of glu-
cose values <70 mg/dl (3.9 mmol/L) increases by one
percentage point, the risk for future severe hypoglycemia
increases by 14%. An increase of one percentage point of
glucose values <54 mg/dl (3.0 mmol/L) was statically asso-
ciated with a 1.27-fold elevated risk. An increase of the three
different low glucose events was associated with a risk-gain
for future severe hypoglycemia between 4% and 33% per
event. The right part of Table 3 provides the respective haz-
ard ratios for the persistence of impaired awareness of hypo-
glycemia. These hazard ratios may provide clinically
meaningful information to caregivers and people with diabe-
tes about the relevance of the CGM parameters regarding the
hypoglycemia risk.

These analyses show that CGM data may be a valuable
diagnostic tool to identify people with diabetes who are at an
increased risk for future severe hypoglycemia or reduced
hypoglycemia awareness. Furthermore, the hazard ratios
may assist in explaining the relevance of CGM data for
patients’ own risk assessment regarding the future occur-
rence of severe hypoglycemia or impaired awareness of
hypoglycemia. Identification of people with diabetes who
are at an increased risk for severe hypoglycemia may also
help to prevent problems with hypoglycemia by adjusting
insulin therapy, lifestyle and/or glycemic targets in a timely
fashion. However, it must be kept in mind that the suggested
cutoff values and hazard ratios are derived from a post hoc
analysis of the HypoDE study, which included only people
with hypoglycemia problems. Therefore, the generalizability
to people with diabetes but without a history of hypoglyce-
mia problems is clearly limited. Thus, we are still in need of
prospective studies with different study populations to cor-
roborate the suggested cutoff values and hazard ratios.

Implications for Future Research

It has been demonstrated that use of rtCGM in people with
type 1 diabetes on different treatment regimens can reduce
biochemical as well as clinical hypoglycemia. However,
future research needs to address the question of which medi-
ating mechanisms are responsible for the observed effect. It
remains unclear whether avoidance of mild hypoglycemia by
the use of CGM technology contributes to a restoration of
normal hypoglycemia awareness due to a shift of glycemic
thresholds toward higher glucose levels for glucose counter-
regulation and symptoms of low blood glucose.”*"*'** The
use of CGM technology for endocrine glucose counterregula-
tion remains controversial. Ly et al* found an improvement
of epinephrine response in people with type 1 diabetes and
impaired awareness of hypoglycemia after rtCGM use.
However, in the randomized controlled trial, a recovery of the
epinephrine response in response to low glucose values was
not observed.” In this regard it is interesting that all interven-
tion studies in people with hypoglycemia problems”®**
used the unawareness questionnaire by Clarke et al,” an
established measure of reduced awareness. In none of these
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studies, however, an impact of CGM use on the unawareness
score could be observed. A possible explanation could be that
CGM prevents frequent low glucose values as well as clinical
hypoglycemia primarily by low glucose alerts or proactive
avoidance of low glucose values, but not by reverting
impaired awareness of hypoglycemia and changing glycemic
thresholds for endocrine or symptomatic counterregulation.
An alternative view on these findings is that the unawareness
questionnaire is an assessment of the future risk of hypogly-
cemia in an epidemiological context but does not depict
pathophysiological mechanisms contributing to HAAF syn-
drome. Clearly, more research is needed to illuminate mecha-
nisms of how CGM affects the reduction and prevention of
biochemical or clinical hypoglycemia.

The role of glucose alerts on the prevention of low glu-
cose values is also not fully understood since the IMPACT
study using an iscCGM system without an alert function was
also able to demonstrate a reduction of biochemical but not
clinical severe hypoglycemia.’” The role of alerts might be
different for the prevention of biochemical and severe hypo-
glycemia, especially during the night.

A new area of interest is also the share function, allowing
wearers of CGM systems to share their glucose data with
significant others. Anecdotical evidence suggests lower
exposure to hypoglycemic glucose values in children.**

In clinical care, it is also worth understanding how much
reduction of low glucose values is necessary to result in bet-
ter hypoglycemia awareness or what amount of exposure to
mild biochemical hypoglycemia is tolerable without com-
promising hypoglycemia awareness.

The reanalysis of the HypoDE study showed that CGM-
derived parameters have diagnostic value with regard to
identifying people at risk for hypoglycemia problems since
their diagnostic performance is better than chance.
However, the data also indicate that the screening perfor-
mance of the CGM-derived parameters used had room for
improvement in the HypoDE sample. Since this sample was
specifically selected for hypoglycemia problems, the results
regarding cutoff scores and screening performance require
corroboration by prospective data from other samples or
from samples consisting of people with and without prob-
lems with hypoglycemia.

In addition to using CGM as a standalone system, more
advanced technologies, such as closed-loop or artificial pan-
creas systems, are being developed that allow for an auto-
matic or semiautomatic glucose control via integrating CGM
and insulin pumps.**® Studies on these closed-loop systems
in adults also showed that the proportion of low glucose val-
ues or time spent in a low glucose range could be signifi-
cantly reduced by 0.8 percentage points. However, given the
low exposure to low glucose values in the CGM-alone condi-
tion (only 3%), it seems unlikely that the study population
had hypoglycemia problems.* The level of percentage of
low glucose values under the closed-loop condition in adults
(2.9%) is remarkable lower than the level observed in the

study by Ly et al*® or the IN CONTROL study,” but equiva-
lent to the HypoDE study.”’ Thus, more studies are needed to
show the impact of closed-loop systems in people with dia-
betes and hypoglycemia problems. Currently, there are no
published randomized controlled trials with closed-loop sys-
tems or artificial pancreas systems in people with diabetes
and hypoglycemia problems that have a reasonable duration
to observe an impact on clinical hypoglycemia problems.*”**
Bi-hormonal pumps delivering insulin and glucagon are a
further promising area of research. The effect of bi-hormonal
pumps for prevention of hypoglycemia and the restoration of
HAAF is of special interest in promising future research.

Overall Conclusion

In summary, CGM is a valuable tool for the identification of
people at risk for hypoglycemia problems and for the preven-
tion of mild and clinical hypoglycemia without compromis-
ing glycemic control or increasing the risk of complications.
More information on the interpretation of CGM results and a
better understanding of the mechanisms of hypoglycemia
prevention by CGM are needed.
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