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Abstract

Background: This study was designed to determine whether pramlintide added to insulin therapy reduced the
risks associated with extreme blood glucose (BG) fluctuations in patients with type 1 diabetes.

Methods: Self-monitored BG (SMBG) records were retrospectively analyzed from a randomized, double-blind,
placebo-controlled study of the effects of pramlintide on intensively treated patients with type 1 diabetes. Two
groups—pramlintide (n = 119), 30/60 ug administered subcutaneously at each meal, or placebo (1 = 129)—
were matched by age, gender, and baseline hemoglobin A1C. Using SMBG, daily BG profiles, BG rate of change,
and low and high BG indices (LBGI and HBGI, respectively) measuring the risk for hypoglycemia and hyper-
glycemia were calculated.

Results: Compared with placebo, pramlintide significantly attenuated the pre- to postprandial BG rate of change
(F = 83.8, P <0.0001). Consequently, in pramlintide-treated patients, the average post-meal BG (8.4 vs. 9.7
mmol/L [151.2 vs. 174.6 mg/dL]) and postprandial HBGI were significantly lower than placebo (both P <
0.0001). Substantial daily BG variation was observed in placebo-treated patients, with most significant hyper-
glycemia occurring after breakfast and during the night; post-meal BG did not vary significantly throughout
the day in pramlintide-treated patients. The reduction in postprandial hyperglycemia in pramlintide-treated
patients occurred without increased risk for preprandial hypoglycemia as quantified by the LBGL
Conclusions: Risk analysis of the effect of pramlintide treatment demonstrated risk-reduction effects indepen-
dent of changes in average glycemia, most notably reduced rate and magnitude of postprandial BG fluctua-

tions. These effects were not accompanied by an increased risk of hypoglycemia.

Introduction

HERAPIES TO TREAT diabetes mellitus are evaluated pri-

marily based on their ability to reduce hemoglobin A1C
(A1C), a measure of long-term glycemia. For patients with
type 1 diabetes in the Diabetes Control and Complications
Trial (DCCT)! and patients with type 2 diabetes in the United
Kingdom Prospective Diabetes Study (UKPDS),? the risks of
microvascular complications associated with diabetes were
generally predicted by A1C. A recent report confirmed that
variability in blood glucose (BG) around a patient’s mean
value has no influence on the development or progression
of retinopathy or nephropathy.> However, the conclusions
of this report were confined to microvascular complications
and were limited by methodological and data analysis fac-
tors: first, only 7-point glucose profiles taken at 3-month in-
tervals were available for analysis of glucose variability; sec-

ond, glucose variability was quantified using standard de-
viation, which has been shown to be a poor measure of vari-
ability-associated risks.*

By definition, measures of long-term average glycemia
such as A1C are not designed to capture the rate and mag-
nitude of acute BG fluctuations.>® As A1C often represents
the only test of glycemic control routinely performed in clin-
ical practice, the presence of marked diurnal BG fluctuations
likely remains hidden for many patients. The emergence of
evidence suggesting that A1C is insufficient for determining
the risk for the full spectrum of complications associated
with diabetes is therefore alarming. While the devastating
effects of unpredictable episodes of severe hypoglycemia
have been well documented,” the same cannot be said of
hyperglycemia. An increasing number of studies implicate
acute hyperglycemic excursions as a factor contributing to
morbidity associated with diabetes. Recently, mood and cog-
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nitive disturbances, known symptoms of hypoglycemia,
have been demonstrated to occur in response to acute hy-
perglycemia.!®13 Several long-term epidemiological studies
have also documented an association between 2-h post-meal
BG level and an elevated risk for cardiovascular disease, a
relationship that appears independent of other glycemic
variables, including fasting BG and A1C.'*18 Finally, an in-
crease in the magnitude of BG excursions, but not A1C or
fasting plasma BG, has been shown to correspond with ele-
vations in laboratory markers associated with cardiovascu-
lar risk, including measures of oxidative stress and inflam-
mation.!” Taken together, this evidence highlights the need
for therapies that lower A1C and minimize acute BG ex-
tremes. It also underscores the importance of developing
standardized measures that quantify aspects of glycemic
control not reflected by A1C.

Pramlintide is a novel, first-in-class therapy, that when
used adjunctively with mealtime insulin in patients with
type 1 and type 2 diabetes improves overall glycemic con-
trol and reduces BG fluctuations. The current study charac-
terized the effects of pramlintide on diurnal BG variability
via a retrospective analysis of pre- and post-meal self-mon-
itored BG (SMBG) readings. The data were analyzed using
previously validated?*-22 measures of risk for hypoglycemia
(the low BG index [LBGI]), hyperglycemia (the high BG in-
dex [HBGI]), and glucose instability (the BG rate of change).
As reported elsewhere,?® mean A1C reductions at the end of
the trial were nearly identical for pramlintide- versus
placebo-treated subjects. Thus, the results of this post hoc
analysis elucidate glycemic effects of pramlintide treatment,
which are independent of A1C and not achievable with in-
tensive insulin alone.

Subjects and Methods
Patients

A database containing 253,122 SMBG records from 295 pa-
tients with type 1 diabetes participating in a study to inves-
tigate the effects of pramlintide on metabolic control was an-
alyzed. At baseline patients were randomized into two
groups: pramlintide (n = 148) and placebo (n = 149). As pre-
viously reported, patients in the two groups were well
matched with respect to age, weight, duration of diabetes,
body mass index, and gender.??

Procedure

Throughout the study, all patients self-monitored their BG
concentrations a minimum of six times per day: before and
after breakfast, lunch, and dinner. Pramlintide was initiated
at a 15 ug dose immediately before each meal and titrated
in 15 ug increments to a final dose of 60 ug as tolerated.?
During the pramlintide initiation period (4 weeks), mealtime
insulin doses were reduced by 30-50%. During the mainte-
nance period (25 weeks), all patients adjusted insulin to
achieve predetermined glycemic targets.

SMBG data for the current analysis included measure-
ments from the maintenance period only. The 248 subjects
who had 3 months of maintenance data with at least 180
readings total (e.g., two readings per day) were included in
the analysis: 119 of these subjects were receiving pramlin-
tide, and 129 were receiving placebo. Any data from the
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maintenance period taken less than 0.5 h apart or more than
4 h apart, as well as data from patients with less than 3
months of maintenance SMBG measurements, were ex-
cluded (<3% of all maintenance period readings). Statistical
comparisons showed that baseline characteristics did not
differ significantly across the two groups (all P > 0.5); thus,
it was assumed that the initial study randomization was
preserved during the selection of patients having sufficient
for analysis SMBG data during their maintenance period
(Table 1).

Dynamics of postprandial glucose excursions

Using pairs of pre- and postprandial SMBG readings and
their exact timing, the pre- to postprandial BG rate of change
was computed using the equation: (BGpost — BGpre) / (elapsed
time), measured in mmol/L/h.2° The BG rates of change
were compared between the two patient groups using a 2 X
3 repeated-measures analysis of variance (treatment group X
meal [breakfast, lunch, dinner]).

Risk analysis of SMBG data

The risk analysis?® proceeded in three steps: First, the non-
linear transformation f(BG) = 1.794 X [(In (BG))!926 — 1.861]
was applied to all SMBG readings. Second, a quadratic risk
function, 7(BG) = 10 X f(BG)?, was applied to the data. This
procedure generates a parabola with a minimum value of 0
achieved at BG = 6.25 mmol/L (112.5 mg/dL), a safe eug-
lycemic reading, and maximum values of 100 at the extreme
ends of the BG scale. Thus, 7(BG) can be interpreted as a mea-
sure of the risk associated with a certain BG level. The left
branch of this parabola identifies the risk of hypoglycemia,
while the right branch identifies the risk of hyperglycemia.
Third, given a series of SMBG readings, x1, x», ...x,, the LBGI
and HBGI are computed as:

LBGI = %Zrl(xi) and HBGI = %Zrh(xi)
i1 -1

where
rl(BG) = r(BG) if f{BG) <0 and 0 if f{BG) =0
rh(BG) = r(BG) if ABG) > 0 and 0 if f(BG) =0

In other words, the LBGI is a non-negative quantity that in-
creases when the number and/or extent of low BG readings
increase; the LBGI has been shown to be predictive of severe
hypoglycemia.?>?* Similarly, the HBGI increases with in-
creased number and/or extent of high BG and is associated
with A1C.2! The LBGI and the HBGI were analyzed using

TaABLE 1. BASELINE DEMOGRAPHICS

Placebo Pramlintide
Demographics (n = 129) (n=119)
Sex: male/female (%) 42/58 46/54
Age (years) 42 =11 42 + 14
Weight (kg) 80.6 = 17.0 81.8 +17.4
A1C (%) 8.1=08 8.0+ 0.8
Duration of diabetes 21 =12 20 =12

(years)
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RISK ANALYSIS OF PRAMLINTIDE EFFECT
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(A—C) Scatterplots of the pre- to postprandial
glucose excursions observed during the maintenance
spectively. The data of the pramlintide group (black

squares) are generally below the data of the placebo
group (circles), indicating lower postprandial glucose
excursions on pramlintide. Except for breakfast, there is

no apparent shift of the data to the left; therefore there
is no increased risk for hypoglycemia on pramlintide.

phase of the study at breakfast, lunch, and dinner, re-

FIG. 1.

Preprandial Blood Glucose {mmol/l)
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2 X 2 X 3 repeated-measures analyses of variance (treatment
group X pre-meal to post-meal X type of meal). Similar anal-
ysis was used to assess the interaction effect of preprandial
and postprandial average BG increase by meal. All analyses
included average BG as a covariate, which allowed for the
evaluation of the risk-reducing effects of pramlintide inde-
pendently of its effects on average glycemia.

Results
Average glycemia

Average glucose was reduced almost uniformly across
both groups from the initiation to the maintenance period of
the study: from 9.40 mmol/L (169.2 mg/dL) to 8.74 mmol /L
(157.3 mg/dL) for pramlintide-treated patients and from 9.94
mmol/L (178.9 mg/dL) to 9.17 mmol/L (165.1 mg/dL) for
placebo-treated patients (effect of time: F = 12.9, P < 0.005).
During the maintenance period there was no further reduc-
tion in average glycemia (F = 1.0, difference not significant).
The initial reduction in average glycemia is consistent with
the previously reported overall across-group reduction in
Alc during the study.?® To account for the generally lower
average BG in the pramlintide group during the maintenance
period, we used average BG as a covariate in all analyses.

Pre- to postprandial glucose variability

Figure 1 presents the pre- to postprandial glucose vari-
ability of all patients around breakfast (Fig. 1A), lunch (Fig.
1B), and dinner (Fig. 1C). The idea of the graphs is the fol-
lowing: for each meal the preprandial glucose of each per-
son is plotted on the x-axis, while the postprandial glucose
is plotted on the y-axis. This way, the difference of the y—x
coordinates of each dot is the average pre- to postprandial
excursion of a person observed throughout the study. A shift
down of the group data cloud indicates reduced postpran-
dial glucose values. A shift to the left indicates increased risk
for hypoglycemia. Compared to placebo, the data of the
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pramlintide group appear shifted down at all meals and
shifted left at breakfast. This visual impression is supported
by the numerical results and the statistical tests presented in
the following sections.

Dynamics of postprandial glucose excursions

Overall, the median elapsed time between a preprandial
SMBG reading and its corresponding postprandial reading
was 1.5 h. In pramlintide-treated patients, the average (across
all meals) pre- to postprandial BG rate of change was nega-
tive, —-0.47 mmol/L/h (-8.46 mg/dL/h), which was mainly
due to decreased BG post-dinner. In placebo-treated patients
the pre- to postprandial BG rate of change was positive, 0.74
mmol/L/h (13.3 mg/dL/h). The effect of pramlintide on the
BG rate of change was highly significant (F = 83.8, P <
0.0001) (Table 2A). Stratified by meal, the BG rate of change
in pramlintide-treated patients treated was increasingly neg-
ative throughout the day. The BG rate of increase for placebo-
treated patients diminished as well, but the difference be-
tween pramlintide and placebo held steady at approximately
1.2 mmol/L/h (21.6 mg/dL/h) throughout the day. As a re-
sult, there was no group by meal interaction effect (F = 2.3,
difference not significant). Because of lower pre- to post-
prandial glucose rate of change, the average postprandial
glucose with pramlintide was significantly lower than the
average postprandial glucose with placebo (F = 80.6, P <
0.0001) (Table 2A).

Risk of hypoglycemia

Throughout the day, the BG nadir was not significantly
lower (t = 1.7, difference not significant) with pramlintide
(21 =05 mmol/L [37.8 =9 mg/dL]) compared with
placebo treatment (2.2 = 0.5 mmol/L [39.6 = 9 mg/dL]), in-
dicating that pramlintide-treated patients were not exposed
to lower BG levels than placebo-treated patients. The over-
all risk of preprandial hypoglycemia as quantified by the

TaBLE 2. EFFECTS OF PRAMLINTIDE ON THE DYNAMICS OF PRE- TO POsTPRANDIAL BG EXCURSIONS
AND ON THE Risks oOF HYPOGLYCEMIA AND HYPERGLYCEMIA

Group
Pramlintide Placebo effect
(F and
Meal Pre-meal Post-meal Pre-meal Post-meal P level)?
A. Dynamics of postprandial glucose excursions
Pre- to postprandial BG Breakfast -0.12/-2.2 1.02/18.4 F =833
rate of change Lunch —-041/-72 0.93/16.7 P < 0.0001
[(mmol/L/h)/(mg/dL/h)] Dinner -0.89/-16.0 0.27/4.9
Average BG Breakfast 8.7/156.6 8.5/153.8 8.9/160.2 10.2/183.6 F =80.6
[(mmol/L)/(mg/dL)] Lunch 8.8/158.4 8.3/149.4 8.0/144.0 9.3/167.4 P < 0.0001
Dinner 9.6/172.8 8.4/151.2 9.1/163.8 9.5/171.0
B. Risk analysis of pramlintide effect
LBGI (risk for hypoglycemia) Breakfast 3.1 — 2.7 — F =103
Lunch 2.9 — 4.0 — P =0.002
Dinner 2.1 — 2.6 —
HBGI (risk for hyperglycemia)  Breakfast 54 51 5.6 8.2 F=731
Lunch 5.7 44 4.2 6.2 P < 0.0001
Dinner 7.5 4.7 6.4 6.7

aAll analyses include average BG as a covariate; thus the significance level is independent of average glycemia.
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LBGI was marginally lower in pramlintide-treated patients
(LBGI = 2.7 £ 1.5) versus placebo-treated patients (LBGI =
3.1 =£1.9; F=10.3, P =0.002). This observation was con-
firmed by comparing the distributions of patients in moder-
ate- (2.5 < LBGI < 5.0) and high-risk (LBGI >5.0) groups.?
Among pramlintide-treated patients, 36% were at moderate
risk of preprandial hypoglycemia, and 9% were at high risk.
Among placebo-treated patients, these percentages were
41% and 15%, respectively (Mann-Whitney Z =18, P =
0.07).

Table 2B presents the pre-meal risk for hypoglycemia
stratified by meal. In pramlintide-treated patients the risk for
hypoglycemia was highest pre-breakfast, while in the
placebo-treated patients, the risk was highest pre-lunch,
which led to a significant group X meal interaction effect
(F =92, P = 0.001).

Risk of hyperglycemia post-meals

The overall postprandial HBGI indicated an almost 50%
higher risk of postprandial hyperglycemia in placebo-treated
patients compared with pramlintide-treated patients: 7.1 *
3.2 versus 4.8 = 2.6 (F = 73.1, P < 0.0001). Table 2B presents
this risk stratified by meal: the risk of postprandial hyper-
glycemia in pramlintide-treated patients did not change sub-
stantially throughout the day (F = 3.7, P = 0.03), while a sig-
nificant variation was observed among placebo-treated
patients (F = 21.7, P <0.001), with highest risk of hyper-
glycemia after breakfast (Table 2B).

Conclusions

This analysis demonstrated that pramlintide treatment re-
duced glucose variability, particularly in terms of reduced pre-
to postprandial BG excursions. The variability-reduction ef-
fect of pramlintide was independent from, and substantially
more significant than, any reduction in average glycemia. In-
deed, reduction in average glycemia occurred concurrently in
both the treatment and the placebo groups and was limited
to the transition from initiation to maintenance periods. Thus,
this reduction is likely a study effect rather than an effect of
pramlintide. Because Alc is generally proportional to average
glucose (with certain corrections for hypo- and hyper-
glycemia?!), this result is consistent with the previously re-
ported overall reduction in Alc.2? This result is also consis-
tent with pramlintide’s mechanisms of action: the primary
effects of pramlintide that are likely to influence glycemic con-
trol include its ability to reduce the rate of gastric emptying,
the reduction of inappropriately elevated glucagon levels in
subjects with diabetes mellitus, and its modest but consistent
effects to reduce appetite and increase satiety, the latter of
which appear to persist beyond initial side effects of nau-
sea.?>28 The blunting of postprandial hyperglycemia result-
ing from pramlintide treatment occurred at all meals, with rel-
atively constant differences between BG rates of change in the
pramlintide- versus placebo-treated patients at all three meals.
Post hoc analysis indicated that the post-meal to pre-meal BG
rate of change was also lower with pramlintide treatment (F =
65.3, P < 0.0001), suggesting that its postprandial therapeutic
effect occurred concurrently with an overall decrease in glu-
cose variability.

In previous studies, patients with type 1 and type 2 dia-
betes expressed symptoms such as sadness/feeling blue,
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irritability /frustration, nervousness/anxiety, etc., during
large postprandial BG excursions.!? Pilot data suggest that
the BG rate of change may be an important predictor of post-
prandial mood and cognitive symptoms.!3 Postprandial hy-
perglycemia may also influence postprandial atherogenic
risk factors, including quantitative and qualitative altera-
tions in lipoproteins and markers of oxidative stress.?’ Be-
cause a reduced rate of BG fluctuation may reduce negative
cognitive and mood symptoms, a reduction in these post-
prandial symptoms upon pramlintide treatment would be a
reasonable hypothesis to test in future studies. It may also
be useful to determine whether the pharmacological effects
of pramlintide influence atherogenic risk factors in the post-
prandial period.

A consequence of reducing hyperglycemia is often an in-
crease in the risk of hypoglycemia. In some studies, pram-
lintide has caused an increased risk of hypoglycemia, occa-
sionally including severe hypoglycemia. Reduced meal
insulin doses are important during initiation and titration of
this therapy to prevent this. However, this analysis showed
that reducing hyperglycemia with pramlintide treatment
marginally decreased the risk of hypoglycemia. In this study
pramlintide-treated patients were not exposed to lower BG
levels than placebo-treated patients. In keeping with this ob-
servation, the risk of preprandial hypoglycemia as measured
by the LBGI was marginally lower in pramlintide- compared
with placebo-treated patients. However, we need to empha-
size that the mealtime insulin doses with pramlintide were
reduced by 30-50%. Thus, in order to avoid potential hypo-
glycemia, appropriate insulin adjustment should be made
with pramlintide treatment. We should also acknowledge
that pramlintide treatment may present problems for certain
patients. Among these is the initial nausea that appears most
intense in amylin-deficient type 1 diabetes subjects. This side
effect limits initial dosing and requires gradual dose titra-
tion.3% Also, because of its duration of action, pramlintide
must be administered by a separate injection at each meal.

In conclusion, these results indicate that an important ef-
fect of pramlintide treatment in patients with type 1 diabetes
is the reduction in the rate and magnitude of pre- to post-
prandial BG increase, resulting in decreased risk of post-
prandial hyperglycemia. This effect was independent of im-
proved average glycemia and was not accompanied by
increased risk of hypoglycemia. Therefore, it can be specu-
lated that the improvement in average glycemia due to pram-
lintide therapy observed in this and other studies?>3! might
be secondary to reduced BG variability, which results in re-
duced risk of hypoglycemia, thereby moderating a major ob-
stacle to improved glycemic control.
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