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Abstract

Background: Compared with multiple daily injections (MDI), sensor-augmented pump (SAP) insulin therapy may reduce
glycemic variability and oxidative stress in type 1 diabetes in a glycosylated hemoglobin (A1C)-independent manner.
Subjects and Methods: The STAR 3 study compared SAP with MDI therapy for 1 year. Week-long continuous glucose
monitoring studies were conducted at baseline and 1 year for assessment of glycemic variability in both groups. Soluble
CD40 ligand (CD40L), a biomarker of inflammation and thrombocyte function, was measured at baseline and 1 year.
Subjects were classified according to treatment group and 1-year A1C levels ( < 6.5%, 6.5–6.9%, 7–7.9%, ‡ 8%). Glycemic
parameters were compared between SAP and MDI subjects in each A1C cohort.
Results: At 1 year, sensor glucose values at A1C levels ‡ 6.5% were similar in the SAP and MDI groups. However, sensor
glucose SD and coefficient of variation (CV) values were lower at A1C levels < 8% among SAP than among MDI subjects; the
overall between-group difference was significant for both SD (P < 0.01) and CV (P = 0.01). The overall mean amplitude of
glycemic excursion was similar in MDI and SAP groups (P = 0.23). CD40L levels fell over the course of the study in both
groups, but the between-group difference was not significant (P = 0.18). CD40L concentrations were unrelated to A1C, change
in A1C from baseline, or glycemic variability.
Conclusions: At comparable A1C levels of < 8%, SAP reduced glycemic variability as measured by SD and CV compared
with MDI. SAP may provide beneficial reductions in the number and severity of glycemic excursions.

Introduction

Excessive glycemic variability, along with sustained
hyperglycemia and episodic hypoglycemia, characterizes

the dysglycemia in diabetes,1 and minimization of glycemic
variability has been suggested as a goal in the management
of diabetes.2 Quantification of glycemic variabilty depends
on repeated glucose measurements, which can be obtained
with continuous glucose monitoring (CGM) systems that
are now widely available. The SD and coefficient of varia-
tion (CV) (the ratio of the SD to the mean) of CGM values
are widely used to summarize glycemic variability, but
other metrics, including the mean amplitude of glycemic
excursion (MAGE), are sometimes used to emphasize par-
ticular aspects of subjects’ time–glucose profiles. Because the

magnitude of the glycemic excursions contributing to MAGE
must exceed some predefined threshold (typically 1 SD),
MAGE is insensitive to low-amplitude variability and also
insensitive to the asymmetric risks associated with hypo-
and hyperglycemia.3

Glycemic variability may contribute to the risk of compli-
cations of diabetes through induction of inflammation and
oxidative stress. An important inflammatory pathway in-
volves CD40 (a costimulatory protein found on the surface of
antigen-presenting cells) and its ligand, CD40L (also known
as CD154 and expressed by activated T cells). The soluble
ligand has been proposed as a biomarker of inflammation,
thrombocyte activation, and oxidative stress, and its level is
elevated in several disease states, most notably cardiovascular
disease.
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Sensor-augmented pump (SAP) therapy is associated with
rapid and sustained improvement in glycosylated hemoglo-
bin (A1C) values. In the recent STAR 3 trial,4 subjects on
multiple daily injections (MDI) therapy were randomized to
receive either optimized MDI therapy or SAP therapy. At the
end of the 1-year randomized study phase, the baseline A1C
level (8.3% in the two study groups) had decreased to 8.1% in
the MDI group compared with 7.5% in the SAP group
(P < 0.001). The optional 6-month continuation phase then
allowed subjects in the SAP group to stay on SAP and allowed
subjects in the MDI group to cross over to SAP therapy.
Continuation phase results5 confirmed that the lower mean
A1C value seen with SAP therapy was sustained for 18
months. Mean A1C values among MDI subjects who crossed
over to SAP therapy for the continuation phase also fell sig-
nificantly compared with the 1-year value. Data from the
study phase of STAR 3 were analyzed to determine whether
and to what extent SAP therapy is associated with reductions
in glycemic variability and/or levels of CD40L in an A1C-
independent manner.

Research Design and Methods

The design and conduct of STAR 3 are described sepa-
rately.6 In brief, 495 subjects were randomized to either SAP
(n = 247) or MDI (n = 248) therapy for 1 year. Subjects in the
SAP arm used the Paradigm REAL-Time system (Medtronic
MiniMed, Inc., Northridge, CA). Blinded CGM data were
collected from all subjects at baseline using iPro recording
devices and Sof-sensor glucose sensors (Medtronic). At the
end of the study, blinded CGM data were again collected from
MDI subjects for 1 week. Soluble CD40L was measured at
baseline and 12 months by a colorimetric enzyme-liked im-
munosorbent assay (R&D Systems, Minneapolis, MN). Sub-
jects were stratified into four groups according to 12-month
A1C levels ( < 6.5%, 6.5–6.9%, 7.0–7.9%, and ‡ 8%). Glycemic
parameters including mean sensor glucose (MSG), SD, CV,
and MAGE were calculated and compared between SAP and
MDI subjects in each A1C cohort.

Results

The number of subjects in each of the four A1C cohorts is
shown in Table 1. Most of the subjects with A1C < 6.5% were
in the SAP group, and most of the subjects with A1C ‡ 8%
were in the MDI group. Only three subjects in the MDI group
(all adults) had A1C values < 6.5%.

Figure 1 shows MSG values and three summary statistics of
glycemic variability (CV, SD, and MAGE) in each of the four

A1C cohorts. For subjects in the SAP treatment arm, MSG
values increased across the four A1C cohorts, and at A1C
levels ‡ 6.5%, MSG values were similar in the SAP and MDI
groups (Fig. 1A). A treatment group difference was evident
with respect to both SD (Fig. 1B) and CV (Fig. 1C) at A1C
levels < 8%, with lower variability seen in the SAP group. The
overall between-groups difference was significant for both SD
and CV (P < 0.01 and P = 0.01, respectively). As A1C increased
to ‡ 8%, the differences between SD and CV in the SAP and
MDI groups narrowed. The overall difference between
MAGE values calculated for SAP and MDI groups was not
significant (P = 0.21) (Fig. 1D).

Mean CD40L levels fell over the course of the study by
32.9 pg/mL in the SAP group and rose by 50.4 pg/mL in the
MDI group; the between-group difference was not significant
(P = 0.18). CD40L levels were not correlated with body mass
index, A1C, hypoglycemic exposure (measured by area under
the curve for sensor glucose values < 70 mg/dL), or SD.

Discussion

CGM data can be used to estimate the ‘‘glycemic trium-
virate’’1 of ambient glucose levels, the number and severity
of glycemic excursions, and glycemic variability. There is
particular interest surrounding glycemic variability, and
several recent studies have confirmed its importance. In a
recent study of 54 patients with type 2 diabetes initiating
insulin pump therapy, glucose was monitored with patient-
blinded CGM systems; reduced glycemic variability was
associated with improved health utility (as measured by the
EuroQol-5 Dimensions scale) and increased treatment pref-
erence (as measured by the Insulin Delivery System Rating
Questionnaire).7 Elevated glycemic variabilty (MAGE
‡ 3.4 mmol/L) displayed significant value in predicting
coronary artery disease in patients with type 2 diabetes,
whereas A1C did not.8 In a third study of persons with type 2
diabetes using CGM devices, it was found that the risk of
hypoglycemia was completely or virtually eliminated in the
face of low glycemic variability (SD < 1.7 mmol/L), irre-
spective of the mean glucose level or treatment modality.9

Minimization of glycemic excursion should be a criterion by
which diabetes treatment strategies are evaluated, and wider
use of real-time CGM in clinical practice may play a key role
in minimization of glycemic variability and superoxide
overproduction.10

Glycemic excursions are also common in type 1 diabetes,
and young children may be especially vulnerable to extremely
high and low glucose values because of their increased insulin
sensitivity and variability in their activity levels and food in-
take. Average daily risk range scores have been proposed as a
summary statistic of glycemic variability in children and ap-
pear to be more informative if calculated from CGM data
rather than capillary blood glucose readings.11

Although A1C values correlate strongly with mean glucose
values (detected by CGM or by frequent blood sampling),
there is no comparably stable biomarker of glycemic vari-
ability. There appears to be a weak inverse relationship be-
tween osteocalcin and MAGE in type 2 diabetes,12 and the
glucagon response to insulin-induced hypoglycemia in pa-
tients with type 1 diabetes may be impaired in times of high
glucose variability (as measured by CV and continuous net
overall glycemic action).13

Table 1. Subjects in Each Glycosylated Hemoglobin

Cohort from Sensor-Augmented Pump

and Multiple Daily Injection Treatment Arms

12-month A1C SAP (n) MDI (n)

< 6.5% 16 (14A, 2P) 3 (3A, 0P)
6.5–6.9% 33 (28A, 5P) 17 (13A, 4P)
7.0–7.9% 124 (88A, 36P) 88 (69A, 18P)
‡ 8.0% 45 (21A, 24P) 106 (61A, 45P)

A, adult (19–70 years old); A1C, glycosylated hemoglobin; MDI,
multiple daily injections; P, pediatric (7–18 years old); SAP, sensor-
augmented pump.
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The role of CD40–CD40L interactions in oxidative stress,
inflammation, and vascular disease has been examined.14

Elevated CD40L levels have been noted in people with
metabolic syndrome,15 and CD40L may play a role in au-
toimmune disease by induction of pro-inflammatory cyto-
kines.16 CD40L is elevated in type 1 diabetic nephropathy17

and increases in type 1 diabetes after hypoglycemia,18

suggesting a mechanism for hypoglycemia-induced vascu-
lar injury. Acute hyperglycemia results in elevated urinary
excretion of CD40L.19 Based on these and earlier reports,
CD40L was considered as a potential biomarker for gly-
cemic variability, and the STAR 3 study included it as an
exploratory end point. However, CD40L does not appear to
be related to A1C, to the change in A1C from baseline, or to
glycemic variability. Because STAR 3 volunteers were ex-
cluded for cardiovascular disease or uncontrolled hyper-
tension, baseline CD40L values may be representative of a
relatively healthy population of subjects with type 1 dia-
betes. The exclusion of subjects with type 2 diabetes and
the wide range of baseline CD40L values represent limita-
tions of the study, and the design may have been inade-
quate to detect short-term fluctuations in CD40L levels as

they relate to glycemic variability. Further studies of CD40L
values in insulin-taking patients with comorbid conditions
are warranted.

At comparable A1C levels of < 8%, subjects on SAP had
lower glycemic variability as measured by SD and CV than did
subjects on MDI, which may help form the basis of improved
glycemic control provided by the pump system. The similar
MAGE values among the SAP and MDI treatment groups at
A1C values of ‡ 6.5% may reflect the relative insensitivity of
this metric to small fluctuations in glucose concentration. It
should be noted that the three subjects in the MDI group
who achieved A1C values of < 6.5% had paradoxically higher
MSG values and much higher MAGE values than the 17 MDI
subjects in the 6.5–6.9% A1C cohort, which may reflect a ten-
dency toward frequent, short, high-amplitude fluctuations in
the former group. Based on these results, SAP may be re-
commended to improve A1C and reduce glycemic variability.
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