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Abstract

Background: Conventional methods describing daily glycemic variability (i.e., standard deviation and coefficient
of variation) do not express risk. Low and High Blood Glucose Indices (LBGI and HBGI, respectively) and
Average Daily Risk Range (ADRR) are parameters derived from self-monitored blood glucose (SMBG) data that
quantify risk of glycemic excursions and temporal aspects of variability. In the present study, variability pa-
rameters were used to assess effects of exenatide and insulin glargine on risk of acute blood glucose extremes.
Methods: New (LBGI, HBGI, and ADRR) and conventional variability analyses were applied retrospectively to
SMBG data from patients with type 2 diabetes suboptimally controlled with metformin and a sulfonylurea
plus exenatide or insulin glargine as a next therapeutic step. Exenatide- (n¼ 282) and insulin glargine-treated
(n¼ 267) patients were well matched.
Results: Exenatide treatment reduced ADRR overall (exenatide, mean� SEM, 16.33� 0.45; insulin glargine,
18.54� 0.49; P¼ 0.001). Seventy-seven percent of exenatide-treated patients were at low risk for glucose vari-
ability compared with 62% of glargine-treated patients (P¼ 0.00023). LBGI for exenatide remained minimal for
all categories and significantly lower than glargine for all comparisons, and HBGI for exenatide remained low or
moderate for all categories and significantly lower than glargine after the morning and evening meals. Reduced
variability in exenatide-treated patients was shown by conventional methods but provided no indications of
risk.
Conclusions: Average glycemic control was similar for both treatment groups. However, exenatide treatment
minimized risk for glycemic variability and extremes to a greater degree than insulin glargine treatment.

Introduction

Cross-sectional and longitudinal studies indicate
that glycemic variability, including acute postprandial

glucose excursions, increases the risk of diabetes complica-
tions.1–9 Unfortunately, long-term initiatives to prospectively
evaluate this relationship with patient-oriented outcomes
have not been undertaken.10 Although the authors of the
Diabetes Control and Complications Trial concluded that a
factor independent of hemoglobin A1c level (A1C) may con-
tribute to diabetes complications,11 further analysis demon-
strated that most of the risk of complications between the
conventional and intensive therapeutic groups may be ex-
plained by A1C level.12 Nonetheless, most investigators who
evaluate the relationship between glycemic variability and
patient outcomes have used conventional variability statistics,

such as standard deviation, coefficient of variation, postpran-
dial peaks, or area under the curve.13 Conventional methods,
which rely on blood glucose (BG) values to predict the risk of
hyperglycemia or hypoglycemia, are substantively limited in
that risk is not normally distributed over the usual BG scale.
However, when the BG scale is made symmetric through a
nonlinear transformation, risk for glycemic extremes may be
predicted more readily13; thus, sensitivity and predictive
power of the BG scale are enhanced.14

To address the need to predict risk for daily glycemic ex-
tremes, Kovatchev and co-workers13–19 have developed an
approach based on aspects of BG variation to estimate the risk
of the frequency and magnitude of hypoglycemic and hy-
perglycemic excursions: Low BG Index (LBGI), High BG In-
dex (HBGI), and the Average Daily Risk Range (ADRR).
These measures use the self-monitored BG (SMBG) data
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stored in most contemporary glucose meters and have been
standardized in patients with type 1 and type 2 diabetes.

This retrospective analysis used seven-point SMBG data
from a 26-week, open-label, intervention trial that assessed
the addition of exenatide, an incretin mimetic with substan-
tive effects on postprandial glucose excursions, or insulin
glargine in patients with type 2 diabetes suboptimally con-
trolled with oral antihyperglycemic therapies.20 In the open-
label trial, both treatments resulted in similar improvements
in overall glycemic control (A1C) at study end point. In the
present analysis, LBGI, HBGI, ADRR, and conventional var-
iability parameters were calculated to ascertain whether ex-
enatide and insulin glargine had different effects on patterns
relative to the temporal direction, magnitude, and risk of
acute BG extremes.

Materials and Methods

The research design and methods of the prospective por-
tion of this analysis have previously been published in full.20

In brief, the study was a multicenter, randomized, open-label,
phase 3 clinical trial in patients with type 2 diabetes sub-
optimally controlled with combination metformin and sulfo-
nylurea therapy. Patients added exenatide (before morning
and evening meals) or insulin glargine (at bedtime) to their
current therapy regimen. Exenatide-treated patients initially
received a fixed dose (5mg) of exenatide, twice daily for 4
weeks, and subsequently escalated the dose to 10mg twice
daily for the remainder of the study. Insulin glargine-treated
patients initiated insulin therapy at 10 units=day with the use
of a fixed-dose algorithm and self-titrated insulin in 2-unit
increments every 3 days based on a fasting BG target of
<5.6 mmol=L (<100 mg=dL).

Study participants

The intent-to-treat sample was composed of 549 patients.
Participants were 30–75 years of age and had been treated
with stable and maximally effective doses of metformin and a
sulfonylurea for at least 3 months before screening. General
inclusion criteria were: A1C of >7.0% to <10.0% and a body
mass index of >25 kg=m2 to <45 kg=m2. Patients meeting
the inclusion criteria were randomized within 2 weeks after
screening with equal probability to exenatide (n¼ 282) or in-
sulin glargine (n¼ 267) treatment according to a central ran-
domization table generated by the sponsor and administered
by an automated interactive voice-response system. Rando-
mization was stratified by investigative site (block size of 4).

Seven-point SMBG profiles

Two separate seven-point SMBG profiles were generated
within the 2-week period before each of the following
scheduled visits: baseline and Weeks 4, 8, 12, 18, and 26, as
described.20 Glucose concentrations were measured before
and 2 h after the start of the morning, midday, and evening
meals and at 0300 h.

The number of valid BG readings recorded was 41,515.
SMBG profiles for Weeks 8, 12, 18, and 26 were assessed to
ensure that data represented stable doses of study medication,
i.e., when insulin dose titration was completed. During the
period of stable insulin dose, the average number of SMBG
readings per subject was 77.

Measures

The formulas for calculating the LBGI, HBGI, and ADRR
have been described.13–19 In brief, the LBGI and HBGI are
non-negative numbers, the sum of which ranges from 0 to 100.
The indices are based on a nonlinear transformation of the BG
scale, applying symmetry to the distribution of BG readings
for a subject. LBGI indicates risk for hypoglycemic excursions;
HBGI indicates risk for hyperglycemic excursions. Empiri-
cally derived risk categories are as follows: LBGI, Minimal
(LBGI �1.1), Low (1.1<LBGI �2.5), Moderate (2.5<LBGI
�5), and High (LBGI >5.0)18; HBGI, Low (HBGI �4.5),
Moderate (4.5<HBGI �9.0), and High (HBGI >9.0).15

The ADRR reflects the risk of combined high and low
glucose variability.13 For ADRR, as with LBGI and HBGI,
each SMBG reading is transformed using the formula f(BG)¼
1.509([ln (BG�18)]1.084–5.381) for BG measured in mmol=L
(the multiplication by 18 in the logarithm is omitted if BG is
measured in mg=dL). The transformed BG readings are con-
verted into risk values using the formula r(BG)¼ 10*f(BG)2.
Left and right branches of the resulting parabola separately
indicate the risk of hypoglycemia and hyperglycemia: rl(BG)¼
r(BG) if f(BG)< 0 and 0 otherwise (left branch); rh(BG)¼ r(BG)
if f(BG)> 0 and 0 otherwise (right branch), respectively. The
ADRR is a composite of hypoglycemia (or low risk [LR]) and
hyperglycemia (or high risk [HR]) and is computed as the av-
erage of the risk range per day using the following formula:

ADDR¼ 1

M

XM

i¼ 1

[LRi þHRi]

where LRi¼max [rl(x1
i ), . . . , rl(xn

i )] and HRi¼max [rh(x1
i ),

. . . , rh(xn
i )] for day I, with i¼ 1,2, . . . M.

LBGI and HBGI

With the use of SMBG values recorded between Weeks 8
and 26, LBGI averages were derived for preprandial BG
(before breakfast, lunch, and dinner), at 0300 h, and overall.
HBGI averages were derived for 2-h postprandial BG (after
breakfast, lunch, and dinner), at 0300 h, and overall.

Conventional BG parameters

With the use of SMBG values recorded between Weeks 8
and 26, averages for conventional parameters were calculated
for the overall SMBG, overall SMBG SD, SMBG at 0300 h time
point, daily range of SMBG (difference between minimum
and maximum SMBG values), percentage of SMBG values
within the American Diabetes Association-recommended tar-
get range (70–180 mg=dL), and percentage of SMBG values
above and below the American Diabetes Association target
range.

Statistics

An independent-samples t test (two-tailed) was performed
for each of the aforementioned measures to assess if means
between treatment groups differed significantly (P< 0.05).
Descriptive statistics, including mean (SE), were calculated.
For the ADRR, the direct comparison of the effects of exena-
tide versus insulin glargine was performed using a t test. The
risk category of ADRR (shift to higher or lower risk for
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exenatide vs. insulin glargine) was assessed with a nonpara-
metric test. To assess risk category progression with ADRR, a
2�6 repeated-measures analysis of variance of the ADRR
(treatment�visit) was performed.

Results

Baseline characteristics

Baseline characteristics have been described in detail.20 In
brief, treatment groups were well matched with respect to
mean age (58–60 years old), gender (55–57% male), ethnicity
(approximately 80% Caucasian), mean body weight (approx-
imately 88 kg), mean body mass index (31 kg=m2), mean
fasting plasma glucose (182–187 mg=dL), A1C (8.2–8.3%), and
mean duration of diabetes (9–10 years).

ADRR

The ADRR distribution per study visit is shown in Figure 1.
The overall ADRR for both exenatide-treated and glargine-
treated patients was in the LR range for all visits, with
exenatide-treated patients achieving a slightly lower risk
(mean� SEM, 16.33� 0.45, n¼ 282; glargine-treated, 18.54�
0.49, n¼ 267; P¼ 0.001). Patient distribution within each
ADRR category is shown in Figure 2. As the overall ADRR is
reduced for exenatide, there tended to be more exenatide-
treated patients in the minimal risk and LR ranges and more
glargine-treated patients in the moderate risk range; however,
only the comparison within the moderate risk range was
statistically different (P< 0.01). Given that there were few
patients in the moderate-high risk and HR groups, ADRR

categories were combined (minimal riskþLR vs. moderate
riskþmoderate-high riskþHR) for a more robust assessment
of between-treatment risk: 77% of exenatide-treated patients
were at LR of glucose variability compared with 62% of
glargine-treated patients (P¼ 0.00023).

LBGI and HBGI

LBGI values at each time point, and overall, were signifi-
cantly lower for exenatide-treated patients compared with
insulin glargine-treated patients; however, none of the LBGI
values exceeded the threshold associated with minimal risk-
to-LR of hypoglycemia for either group (LBGI�2.5) (Fig. 3A).
Overall HBGI values for both groups were in the moderate
risk range and were lower for exenatide-treated patients
compared with insulin glargine-treated patients after morn-
ing and evening meals (Fig. 3B). For both treatment groups,
HBGI at 0300 h indicated LR for hyperglycemic excursions.

Conventional measures

Overall, mean daily SMBG values were similar between
treatments at Week 26 (Fig. 3C).20 In spite of the similarity
between SMBG values, the SD values differed between
groups (exenatide-treated patients, SD¼ 43.0 mg=dL; insu-
lin glargine-treated patients, SD¼ 47.3 mg=dL; P< 0.0001).
Further, a greater percentage of exenatide-treated patients
achieved SMBG values within the target glucose range of 70–
180 mg=dL compared with insulin glargine-treated patients
(74.1% vs. 70.9%, P< 0.05, Fig. 3D), an outcome driven
primarily by a significantly higher percentage of insulin
glargine-treated patients with SMBG values <70 mg=dL.

Discussion

The primary finding of this analysis is that the variability of
overall glycemia between two treatments, in this case insulin
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FIG. 1. ADRR distribution by each study visit is shown for
exenatide and insulin glargine over the course of study.
Overall, ADRR was lower for exenatide-treated patients
(P¼ 0.001). A 2�6 analysis of variance of ADRR per study
visit after the first visit shows that variability is reduced
shortly after the initiation of treatment in both groups
(F¼ 112.5, P< 0.001), and reduction of variability is slightly
more pronounced for exenatide-treated patients compared
with glargine-treated patients (treatment�visit effect, F¼ 7.1,
P< 0.0001). Data are mean� SE values.
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FIG. 2. Percentage of exenatide- and insulin glargine-treated
patients in each ADRR category (Minimal [Min], Low, Mod-
erate [Mod], Moderate-High [Mod-High], and High). The
distribution for the risk categories was compared using a non-
parametric w2 test and found to be different overall (P¼
0.00559). *P< 0.001.

GLYCEMIC VARIABILITY: EXENATIDE AND GLARGINE 341



glargine and exenatide, can differ markedly despite similar
overall changes from baseline. The outcomes of this retro-
spective analysis highlight how characterizing glycemic var-
iability with the use of newly described measures, validated
in patient populations, can outline potentially important dif-
ferences between treatments. The ADRR is an index of vari-
ability that captures both high and low extremes better than
other conventional measures. Other conventional measures
are less sensitive and robust in quantifying risk for acute BG
excursions. The LBGI is a specific indicator for hypoglycemia
as well as the trend toward hypoglycemic excursions and
provides a continuous measure for estimating hypoglycemic
risk, even when the risks are relatively low as in the current
study. Thus, LBGI confirmed that although glargine-treated
patients were at statistically higher risk for hypoglycemic
episodes, both groups were at minimal risk to LR for severe
hypoglycemia.

The HBGI identified a potentially clinically relevant differ-
ence between insulin glargine and exenatide in the treatment of
patients with type 2 diabetes failing oral antihyperglycemic
therapies. Although both groups were in the moderate risk
range for overall HBGI values, insulin glargine-treated patients
were more likely to experience significantly higher hypergly-
cemic excursions following breakfast and dinner.

The ADRR, a single index that combines the risk for both
high and low BG measures (HBGI and LBGI), represents a
sensitive indicator for glycemic extremes.13 In the present
analysis, exenatide and insulin glargine treatments promptly
reduced the risk of glycemic variability, which was further
reduced during the course of the study. The reduction in risk
was greater in exenatide-treated patients compared with in-
sulin glargine-treated patients.

Exenatide treatment results in a better postprandial glucose
profile than once-daily insulin glargine treatment,20 most
likely due to the pleiotropic effect of exenatide. Sharing several
glucose-lowering actions with the naturally occurring incretin
hormone glucagon-like peptide-1, exenatide promotes glucose-
dependent insulin secretion, inhibition of inappropriately ele-
vated glucagon secretion, slowing of gastric emptying, and
reduction of food intake.21–26 Prandial insulin mixtures also
may promote a better postprandial glucose profile than once-
daily preparations, given that the action of a prandial insulin
mixture is likely to cover peak postprandial glucose concen-
trations.27 Although obesity and suboptimally controlled gly-
cemia are considered major etiological factors contributing to
the development of diabetes complications, some evidence
suggests that postprandial hyperglycemia may also play a role.
Several clinical trials demonstrated that markers associated
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with cardiovascular risk increase with acute postprandial BG
rise,5,28–30 which also may serve as a risk factor for cardiovas-
cular events.3–9,31–33 However, to date, no clinical studies tar-
geting postprandial glucose excursions have reported clinically
significant improvements in cardiovascular outcomes.

There is concern in the medical community regarding the
importance of controlling postprandial glycemia. In routine
clinical practice, a validated, standard approach for conve-
nient quantification of the magnitude or frequency of acute
hyper- or hypoglycemia may aid in the recognition and
treatment of BG excursions. In the current analysis, similar
reductions in A1C levels were observed for both treatment
groups, without distinction for detecting the risk of frequent
but transient BG excursions. The assessment presented here is
one approach that addresses these clinical issues, demon-
strating that the SMBG data stored in most glucose meters can
be used to conveniently derive valid parameters for gauging
risk in terms of magnitude and timing of hyperglycemic and
hypoglycemic excursions. Insulin glargine-treated patients
might benefit from intensifying therapy by adding meal-
time insulin, before morning and evening meals, which may
require more frequent SMBG monitoring, while exenatide-
treated patients may require less frequent SMBG monitoring.

In summary, the methods presented herein appear prom-
ising as standardized approaches for quantifying glycemic
variability, thus addressing unmet needs in this area of clin-
ical investigation. Despite similar reductions in A1C, exena-
tide treatment was associated with a significant reduction in
ADRR, a sensitive predictor of either hyper- or hypoglycemia.
Future studies are needed to evaluate the strength of associ-
ation of ADRR, LBGI, and HBGI with short-term surrogate
markers of diabetes complications (e.g., measures of oxidative
stress and inflammation) and to assess the relationship of
these indices to clinically meaningful outcomes.
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