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Aims: Liraglutide 3.0 mg, an acylated GLP-1 analogue approved for weight management, lowers body weight through decreased energy intake. We
conducted exposure-response analyses to provide important information on individual responses to given drug doses, reflecting inter-individual variations
in drug metabolism, absorption and excretion.
Methods: We report efficacy and safety responses across a wide range of exposure levels, using data from one phase II (liraglutide doses 1.2, 1.8, 2.4
and 3.0 mg), and two phase IIIa [SCALE Obesity and Prediabetes (3.0 mg); SCALE Diabetes (1.8; 3.0 mg)] randomized, placebo-controlled trials (n= 4372).
Results: There was a clear exposure–weight loss response. Weight loss increased with greater exposure and appeared to level off at the highest exposures
associated with liraglutide 3.0 mg in most individuals, but did not fully plateau in men. In individuals with overweight/obesity and comorbid type 2
diabetes, there was a clear exposure–glycated haemoglobin (HbA1c) relationship. HbA1c reduction increased with higher plasma liraglutide concentration
(plateauing at ∼21 nM); however, for individuals with baseline HbA1c >8.5%, HbA1c reduction did not fully plateau. No exposure–response relationship
was identified for any safety outcome, with the exception of gastrointestinal adverse events (AEs). Individuals with gallbladder AEs, acute pancreatitis or
malignant/breast/benign colorectal neoplasms did not have higher liraglutide exposure compared with the overall population.
Conclusions: These analyses support the use of liraglutide 3.0 mg for weight management in all subgroups investigated; weight loss increased with
higher drug exposure, with no concomitant deterioration in safety/tolerability besides previously known gastrointestinal side effects.
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Introduction
The actions of the glucagon-like peptide-1 (GLP-1) hor-
mone include both reduction of energy intake (via receptors
in the central nervous system), and the regulation of glu-
cose metabolism [1–8]. Liraglutide is an acylated analogue
of GLP-1 with an amino acid sequence 97% homologous
to human GLP-1 [9]. Like native GLP-1, liraglutide low-
ers body weight through decreased caloric intake, while
stimulating insulin secretion and reducing glucagon via a
glucose-dependent mechanism [10]. As a result of its dual
effects on appetite/weight and glucose regulation, liraglutide
was developed for the treatment of type 2 diabetes (doses
up to 1.8 mg, Victoza®; Novo Nordisk, Søborg, Denmark)
and weight management (doses of 3.0 mg, Saxenda®, Novo
Nordisk). Liraglutide 3.0 mg is currently approved for weight
management in Australia, Canada, the European Union,
Mexico and the USA.
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In the liraglutide 3.0 mg clinical development programme
weight loss and glycaemic improvement with liraglutide were
dose-dependent, with higher doses required for maximum
weight reduction [11,12]. Women on average had a greater
weight loss response with liraglutide 3.0 mg than did men; how-
ever, weight loss in men is clinically meaningful and meets US
Government Food and Drug Administration (FDA) efficacy
benchmarks for weight-management products [13,14]. Data do
not suggest a liraglutide dose–response with safety outcomes,
with the exception of gastrointestinal (GI) side-effects [11–13].

Intrinsic and extrinsic factors affecting clearance, and thus
steady-state plasma concentration (e.g. weight, gender), result
in a range of drug exposures in individuals given the same
dose; therefore, exposure–response analyses extend results of
dose–response analyses (typically restricted to a few discrete
dose levels) by allowing exploration of drug effects across a
broad range of exposure levels. Analyses of exposure–response
relationships are particularly useful when studying subpop-
ulations with high or low exposure, allowing assessment of
responses at the extremes of exposure. Previous population
pharmacokinetic analysis of liraglutide 3.0 mg found that high
body weight and male gender were associated with reduced
drug exposure, whereas other covariates had limited effect
(R. V. Overgaard, personal communication).
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The present analyses explore the efficacy and safety of liraglu-
tide 3.0 mg across a broad range of exposures using data gen-
erated during the global development programme for liraglu-
tide 3.0 mg, and were conducted to determine whether the data
support the use of this dose for all individuals covered by the
weight management indication.

Subjects and Methods
Data Sources for Exposure–Response Analyses

Details of datasets used for specific analyses are summarized in
Figure S1, Supporting Information. Data are derived from the
safety analysis sets (SASs) generated during the following three
clinical trials (two phase IIIa, one phase II), referred to as Trials
1–3 and described below.

Trial 1: SCALE Obesity and Prediabetes. Trial 1 was a phase
IIIa, 56-week, randomized, parallel-group trial [n= 3723, SAS
(NCT00422058)] which investigated the efficacy and safety of
liraglutide 3.0 mg versus placebo (each as an adjunct to diet
and exercise) for weight management in obese [body-mass
index (BMI)≥ 30 kg/m2] or overweight adults with specific
weight-related comorbidity (BMI 27–29.9 kg/m2 with treated
or untreated hypertension and/or dyslipidaemia) [15].

Trial 2: SCALE Diabetes. Trial 2 was a phase IIIa, 56-week,
randomized, placebo-controlled, parallel-group trial [n= 844,
SAS (NCT01272232)] which investigated the efficacy and
safety of liraglutide 3.0 and 1.8 mg in obese or overweight
(BMI≥ 27 kg/m2) adults with type 2 diabetes [glycated
haemoglobin (HbA1c) 7.0–10.0% (53–85.8 mmol/mol)],
treated with diet and exercise alone or in combination
with up to three of metformin, sulphonylurea and/or
thiazolidinedione [12].

Trial 3. Trial 3 was a phase II, 20-week, randomized,
double-blind, placebo-controlled, parallel-group dose-finding
trial [n= 564, SAS (NCT00422058)] which investigated the
efficacy and safety of liraglutide (1.2–3.0 mg) for weight man-
agement in obese adults (BMI≥ 30.0 and ≤40.0 kg/m2) [11].
Participants were randomized to liraglutide 1.2, 1.8, 2.4 or
3.0 mg, placebo or orlistat (3× 120 mg daily).

For all exposure–response analyses [excluding analysis of
adjudicated adverse events (AEs) of special interest], individ-
uals were included if response data were available at baseline,
and response and exposure data were available at week 12 or
later (Figure S1, Supporting Information). Last observation car-
ried forward (LOCF) was applied after week 12 for efficacy
endpoints, pulse and serum calcitonin. Additional analysis of
liraglutide-exposure level was conducted for individuals with
adjudicated AEs of special interest, with individuals from Trial
3 excluded as this trial did not include event adjudication.

Blood Sampling and Estimation of Liraglutide Exposure

For Trials 1 and 2, single blood samples were drawn at week
2 (during dose escalation), week 12 and week 28. Participants
recorded date, time and dose of the three injections adminis-
tered prior to sampling. For Trial 3 blood samples were drawn

at week 20 during an oral glucose tolerance test. Liraglutide
was administered in the evening; samples were drawn the
following morning at start of test (time 0), and at 60 and
120 min post-glucose load [11].

Liraglutide exposure at steady-state, expressed as the 24-h
area under the curve (AUC), was estimated from individ-
ual blood measurements, taking into account dose level and
timing of administration, using a previously described model
(R. V. Overgaard, personal communication), developed and
validated in accordance with guidelines from the FDA [14] and
European Medicines Agency [16]. Model-derived exposure was
calculated for the target dose level. For individuals dropping
out during dose escalation, the exposure level was adjusted,
to ensure estimated exposure levels were comparable between
subjects with AEs (who could potentially drop out early), and
the remaining population.

Exposure–Response Analyses

Exposure–response relationships were visualized using quan-
tile plots with model prediction overlays. Individuals were
grouped into six quantiles on the basis of liraglutide exposure
(AUC); quantile 1 having the lowest, and quantile 6 the high-
est, exposure. Thus, six quantile estimates of exposure were
plotted against any given variable of interest, and zero exposure
was assigned to individuals given placebo. For each exposure
quantile, the mean and 95% confidence interval of the response
variable of interest (y-axis) were plotted against the median
exposure (x-axis); thus, the response of a given variable was
assessed as a function of exposure (Figures 1–4 and S2–S4,
Supporting Information). The median and 90% exposure range
associated with each liraglutide dose were plotted parallel to
the x-axis.

Exposure–Response Models

Demographic characteristics were not evenly distributed
between exposure quantiles, so multivariate models were used
to estimate the outcome of changing exposure without a simul-
taneous change in participant demographics. Multivariate
models included covariates previously demonstrated to influ-
ence exposure (R. V. Overgaard, personal communication).
Change in body weight versus exposure was estimated using
the following model:

BW · CFB = Emax

(
1 + Imale

)
AUC𝛾

AUC𝛾 + EC50𝛾
+ E0 + Ecov + e

Ecov = Edisease status + Emale + EBW (BW − 100) + Eage>70,

where Emax =maximum drug effect for females; EC50=
exposure associated with half maximum effect; 𝛾 =Hill coef-
ficient; Imale = covariate effect of gender on Emax; E0 = placebo
response for the typical subject (a normoglycaemic female
aged< 70 years with baseline body weight of 100 kg);
Edisease status, Emale, EBW and Eage>70 = covariate effects on the
overall response in individual subgroups (baseline glycaemic
status, gender, body weight, age and disease status, respec-
tively); e= residual error. To facilitate analysis of subgroups,
interaction terms (covariates for Emax) were investigated for
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Figure 1. Liraglutide exposure and body weight loss. Liraglutide exposure
expressed as model-derived area under the curve (AUC) at steady-state
versus body weight loss. (A) Exposure versus body weight change from
baseline; (B) exposure versus proportion of individuals with ≥5% weight
loss from baseline; (C) exposure versus proportion of individuals with
>10% weight loss from baseline. Data are mean values (with 95% confi-
dence intervals) versus exposure expressed as six quantiles of area under
the curve (AUC) values (plus placebo). Sigmoidal curved lines represent
covariate-adjusted model-based estimates for each trial population. Hori-
zontal bars with diamonds represent median and 90% exposure ranges from
each dose level. Trial 1, SCALE Obesity and Prediabetes; Trial 2, SCALE
Diabetes; Trial 3, the phase II trial.

Figure 2. Liraglutide exposure and body weight loss in men and women.
Liraglutide exposure expressed as model-derived area under the curve
(AUC) at steady state versus body weight change from baseline (A) for
men and women in Trials 1–3 combined (covariate adjusted values); (B)
for men and women at the extremes of exposure. Body weight data are
mean values (with 95% confidence intervals). Horizontal bars with cir-
cles/squares/triangles represent median and 90% exposure ranges from
each dose level (A), or from men and women at the extremes of expo-
sure (B). Sigmoidal curved lines represent covariate-adjusted model-based
estimates for defined populations. (A) Exposure expressed as six quantiles
of AUC values (plus placebo). (B) Exposure and weight change for the
placebo- or liraglutide-treated heaviest men and lightest women, as well as
the overall cohort mean in Trial 1. Trial 1, SCALE Obesity and Prediabetes;
Trial 2, SCALE Diabetes; Trial 3, the phase II trial.

gender, baseline body weight, age and disease status. The final
model included an interaction term for gender (no other factor
was found to influence percentage body weight change from
baseline).

A similar equation was used for the estimation of change in
HbA1c versus exposure. Linear or logistic regression models
were used to explore the exposure–response relationships for
safety outcomes (excluding AEs of special interest).

Subgroup Analyses

To explore potential exposure-dependent and -independent
contributions of demographic characteristics on weight loss,
exposure–weight loss relationships were examined by baseline
BMI (Figure S3, Supporting Information), gender (Figure 2A),
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Figure 3. Liraglutide exposure and glycated haemoglobin (HbA1c).
Exposure expressed as model-derived area under the curve (AUC) at
steady-state versus HbA1c change from baseline (A) in individuals with
overweight or obesity and type 2 diabetes (Trial 2); (B) in individuals with
overweight or obesity and type 2 diabetes, stratified by baseline HbA1c
(Trial 2). Data are mean values (with 95% confidence interval) versus expo-
sure expressed as six quantiles of AUC values (plus placebo). Sigmoidal
curved lines represent covariate-adjusted model-based estimates for each
trial population. Horizontal bars with diamonds represent median and 90%
exposure ranges from each dose level. T2D, type 2 diabetes.

at exposure extremes (10% lightest women; 10% heaviest males;
Figure 2B) and by gender within trial (Figure 2A, B). The
analysis by gender was based on data from all three trials, and
adjusted for differences between trials (including baseline body
weight and glycaemic status).

Analyses illustrating exposure–weight loss at exposure
extremes (10% lightest women; 10% heaviest males; Figure 2B)
and by BMI (Figure S3, Supporting Information) were made
based on data from Trial 1 alone, to avoid potential confound-
ing by trial and multiple doses (Trial 1 was the largest trial, and
tested liraglutide 3.0 mg vs. placebo).

A mediator analysis was used to investigate the
exposure–HbA1c relationship, determining the relative contri-
bution of weight loss (Δ body weight) to the improvement in
glycaemic control (Δ HbA1c) [17]. The mediator analysis was
conducted using a similar equation to that used for the estima-
tion of change in HbA1c versus exposure, but with the addition
of Δ body weight as an explanatory variable (mediator).

The exposure–HbA1c relationship, stratified by baseline
HbA1c quartile, was investigated to determine whether
individuals with poor glycaemic control could derive fur-
ther glycaemic benefit (i.e. additional to that achieved with a
1.8-mg dose) from the exposure associated with a 3.0-mg dose
(Figure 3B).

Results
Liraglutide Exposure and Body Weight Loss

Baseline characteristics of individuals included in the
exposure–weight loss analysis are summarized in Table
S1, Supporting Information. The percentage of body-weight
change from baseline versus liraglutide exposure is shown in
Figure 1A.

There was a clear relationship between liraglutide exposure
and weight loss in all three trials, and this relationship was
similar in those trials that included individuals with normo-
glycaemia and prediabetes (Trials 1 and 3). The shape of the
exposure–weight loss curve was similar for individuals with or
without type 2 diabetes, although less weight loss was observed
at any given exposure (including placebo) for individuals with
type 2 diabetes (Figure 1A). The proportion of individuals
achieving ≥5% and >10% weight loss at week 56 also showed a
clear relationship with exposure (Figure 1B, C).

Although there was considerable overlap between exposure
with 1.8- and 3.0-mg doses (see overlapping horizontal bars
above x-axis; Figure 1), the exposure medians of both doses cor-
responded to the steep part of the exposure–response curve,
and considerably greater weight loss was achieved with the
exposure corresponding to 3.0 mg. The effect on mean body
weight loss appeared to level off at the highest exposures asso-
ciated with liraglutide 3.0 mg.

Liraglutide Exposure and Body Weight Loss within BMI
Subgroups

Analysis of Trial 1 data stratified by baseline BMI revealed a
slight decrease in liraglutide exposure with increasing BMI;
however, the exposure differences across BMI subgroups were
not associated with meaningful differences in body weight
loss, and exposure–weight loss relationships were virtually
identical for the four BMI subgroups (Figure S3, Supporting
Information).

Liraglutide Exposure and Body Weight Loss in Men
and Women

Exposure–weight loss relationships were observed for both
men and women, and increasing exposure was associated with
greater weight loss across the entire exposure range (Figure 2A).
Women had greater weight loss than did men at similar expo-
sures; ∼50% of the difference in body weight loss between
men and women could be attributed to higher exposure in
women. Similar results were seen when Trials 1 and 2 were
analysed separately; however, an upward, leftward shift of
the exposure–weight loss curves were observed for men and
women with type 2 diabetes versus those without type 2 dia-
betes (Figure S2A, B). This shift is consistent with lower mean
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Figure 4. Liraglutide exposure and key safety outcomes. Liraglutide exposure expressed as model-derived area under the curve (AUC) at steady-state
versus key safety outcomes, proportion of participants with (A) all incidences of nausea; (B) moderate–severe nausea; (C) all incidences of vomiting; (D)
moderate–severe vomiting; (E) documented symptomatic hypoglycaemia (glucose≤ 70 mg/dl); (F) change from baseline in mean resting pulse. Data are
proportion of individuals who report an event at any time during the trial (A–E) or mean change in pulse from baseline (F), all with 95% confidence interval,
versus exposure (in quantiles of AUC). Lines (exposure–response relationship for each trial) represent a multivariate regression analysis for the pooled data.
Horizontal bars with diamonds represent median and 90% exposure ranges. Liraglutide doses were: 3.0 mg in Trial 1; 1.8 and 3.0 mg in Trial 2; 1.2 mg,
1.8 mg, 2.4 mg and 3.0 mg in Trial 3. Trial 1, SCALE Obesity and Prediabetes; Trial 2, SCALE Diabetes; Trial 3, the phase II trial.

weight loss in individuals with type 2 diabetes [18,19], and with
lower mean exposure in these individuals (R. V. Overgaard, per-
sonal communication).

Body Weight Loss in Individuals at the Extremes
of Liraglutide Exposure

The 10% lightest women [mean baseline body weight 77.1 kg
(highest exposure subgroup)] achieved the greatest observed
weight loss [8.1 kg (10.5%)], and the 10% heaviest men [mean
baseline body weight 173.7 kg (lowest exposure subgroup)]

achieved the least observed relative weight loss [11.4 kg (6.8%);
Figure 2B]; the absolute mean weight loss achieved with 3.0 mg
in both the high and low exposure subgroups was clinically
meaningful.

Liraglutide Exposure and HbA1c Response in Individuals
with Type 2 Diabetes

The reduction in HbA1c was considerably greater for all
liraglutide exposure quantiles than for placebo (Figure 3A),
irrespective of baseline HbA1c level (Figure 3B). The
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Figure 5. Liraglutide exposure in individuals with adverse events of special interest. Each circular data point represents an individual and the corresponding
liraglutide exposure value [model-derived area under the curve (AUC) at steady-state for the target dose]; vertical error bars show the 95% exposure range;
the square represents the median for each group. Off-treatment events are included for all categories, with the exception of gallbladder-related adverse
events (AEs). Gallbladder-related AEs include treatment-emergent events [0–58 weeks (Trials 1 and 2), or within 0–21 weeks (Trial 3), or up to the end of
treatment if discontinued prematurely]; adjudicated pancreatitis and neoplasms include events reported on or off-treatment through 11 November 2013
(database lock for 120-day safety update to US Food and Drug Administration).

glucose-lowering associated with liraglutide exposure
plateaued above ∼500 nM× h (corresponding to a liraglu-
tide plasma concentration of ∼21 nM; Figure 3A); the ‘plateau
effect’ was least obvious in individuals with high baseline
HbA1c (Figure 3B). This suggests individuals with poor
glycaemic control might derive greater glycaemic benefit from
the 3.0-mg dose. A mediator analysis showed the incremental
glucose-lowering observed with exposure >500 nM× h (i.e.
further HbA1c reduction associated with increasing the dose
from 1.8 to 3.0 mg) could be almost entirely attributed to
corresponding incremental weight loss.

Liraglutide Exposure and Safety Outcomes

The proportion of individuals reporting at least one episode
of nausea (any severity) during the 56-week treatment period
increased with increasing liraglutide exposure (p value for
slope= 0.04; Figure 4A); however, this was not evident
when considering only moderate/severe nausea (p value
for slope= 0.90; Figure 4B).

Likewise, the proportion of individuals reporting at least
one episode of vomiting (any severity) during the treat-
ment period appeared to increase with increasing exposure
(Figure 4C). This relationship was not statistically significant
in the combined analysis (p value for slope= 0.26) or Trial 1
(Figure 4C, p value for slope= 0.52); however, it was seen
separately in both Trials 2 and 3 (Figure 4C, p values for
slopes= 0.03 and 0.04, respectively). This suggests that the
exposure–vomiting relationship may have been driven by
exposure levels associated with doses up to and including
1.8 mg. There was no evident relationship between liraglu-
tide exposure and moderate/severe vomiting (p-value for
slope= 0.85; Figure 4D).

There was no relationship between the liraglutide expo-
sure associated with 1.8–3.0 mg doses and the incidence of
documented symptomatic hypoglycaemia in individuals with
type 2 diabetes (p-value for slope= 0.83; Figure 4E). Although

liraglutide-treated individuals had a slight increase in mean
resting pulse (∼2–3 beats per min) versus those treated with
placebo, there was no exposure–response relationship between
pulse and the exposure levels associated with 1.2–3.0-mg doses
(p-value for slope=∼0.18; Figure 4F).

Individuals with AEs of the gallbladder, acute pancreatitis,
malignant neoplasms, malignant breast neoplasms or benign
colorectal neoplasms did not have higher liraglutide exposure
compared with the overall population (a proxy for individuals
without these AEs because of the low incidence of these AEs;
Figure 5).

Liraglutide treatment did not result in elevated serum cal-
citonin levels across all three trials where it was measured. The
change from baseline was close to zero for all quantile estimates
of exposure and the slope for calcitonin concentration versus
exposure was close to zero (p=∼0.49; Figure S4, Supporting
Information).

Discussion
There was a clear exposure–response relationship between
liraglutide and body weight reduction, with percentage weight
loss from baseline increasing with greater exposure in all
three trials. The shape of the curve describing estimated
exposure–weight loss was similar across trials; however,
for individuals with type 2 diabetes (Trial 2) the absolute
weight loss reduction at any given exposure was lower than
that in individuals with normoglycaemia or individuals
with prediabetes (Trial 1), even at zero exposure (placebo;
Figure 1A). Inter-trial differences with respect to absolute
weight loss may be ascribed to a trial effect, or to popula-
tion differences between individuals with/without diabetes.
It is established that people with diabetes have more diffi-
culty losing weight than individuals without diabetes [17,19],
a finding previously noted in trials of other anti-obesity
medications [20,21].
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At any given exposure, women achieved more weight loss

than did men (Figure S2A, Supporting Information); covariate
analysis showed this effect was additional to the extra weight
loss expected in women as a result of a 32% higher exposure
than in men of similar body weight (R. V. Overgaard, personal
communication). The exposure–weight loss response did not
appear to fully plateau with exposure levels associated with
the 3.0 mg dose in men (Figure S2A, Supporting Information),
suggesting that more weight loss could potentially have been
achieved in some men at doses above 3.0 mg, although such
doses have not been clinically tested. Importantly, the 10%
heaviest males subgroup [expected to have least weight loss
because of the combined effects of high body weight reducing
liraglutide exposure [12], and lesser weight loss response to
liraglutide in men vs. women (Figure 2A)], achieved clinically
significant weight loss [6.8% (11.4 kg); Figure 2B]. Also, the
10% lightest women experienced further weight loss (1.3%),
compared with the overall female population [10.5% (8.1 kg) vs.
9.2% (9.3 kg); Figures 2B and S2A, Supporting Information].

In summary, exposure–weight loss analyses suggest that,
of all doses tested, liraglutide 3.0 mg provides the optimum
exposure for clinically relevant weight loss in all populations:
men and women, the entire range of baseline body weight and
people with type 2 diabetes.

The relationship between liraglutide exposure and HbA1c
was analysed in individuals with type 2 diabetes (Trial 2) only.
There was a clear exposure–HbA1c relationship, with the mag-
nitude of HbA1c reduction increasing up to a plasma liraglutide
concentration of ∼21 nM. This was consistent with a previous
study that estimated a concentration of ∼15 nM was neces-
sary for a full glycaemic response in individuals with similar
baseline characteristics to those in Trial 2 [22]. In the present
analysis the mean HbA1c reduction obtained with exposures
associated with the 3.0 mg dose was only modestly greater than
with 1.8 mg (Figure 3A); however, when stratified by baseline
HbA1c, the HbA1c reduction obtained with exposure levels
associated with 3.0 mg did not plateau for the highest baseline
HbA1c category [>8.5% (69.4 mmol/mol)], implying that
individuals with high HbA1c may derive additional glycaemic
benefit from a 3.0-mg, rather than 1.8-mg, dose. A mediator
analysis indicated that the incremental HbA1c reduction with
doses above 1.8 mg, up to the maximum tested 3.0 mg, was
accounted for by the concomitant reduction in body weight.

The appropriateness of a particular dose of any drug is based
not only on efficacy, but also on safety and tolerability. In
the present analyses, no exposure–response relationship was
identified for any safety outcome, with the exception of GI AEs
(nausea and vomiting), which are well-known dose-dependent
side effects of GLP-1 receptor agonist therapies [23,24]. We
considered the incidence of GI AEs occurring at any time dur-
ing treatment as a function of exposure, without accounting for
the time, or duration, of occurrence. Previous studies of GLP-1
receptor agonist therapies have shown that GI AEs, if they do
occur, tend to appear early and are transient [25,26]. Although
a relationship between steady-state liraglutide exposure and
nausea/vomiting at any time was identified (Figure 4A, C),
this did not apply to moderate or severe events (Figure 4B, D).
Furthermore, the liraglutide exposure–vomiting (any grade)

relationship was stronger in those trials that included multiple
dose levels (Trials 2 and 3; Figure 4C), suggesting that the
relationship with exposure is stronger at the lower doses and
levels off at higher doses.

Liraglutide-treated individuals who developed infrequent
but clinically significant AEs such as acute pancreatitis,
gallstones, cholecystitis and breast cancer (Figure 5) did not
appear to have higher exposure when compared with the over-
all study population. While that does not rule out a relationship
with liraglutide, it is not supportive of an exposure– (or dose–)
response relationship for these AEs.

Liraglutide and other GLP-1-based therapies increase
resting pulse by ∼2–3 beats per min [27–29]; however, the
clinical significance of this increase remains unknown [15].
A slight increase in resting pulse relative to placebo occurred
with the liraglutide exposure levels associated with the
3.0-mg dose (Figure 4F). It was reassuring, however, that
no exposure–pulse relationship was evident within the inves-
tigated dose range (1.2–3.0 mg), and the magnitude of the
increase in pulse was similar to that previously reported
for the 1.2–1.8-mg dose range [30]. Although no liraglutide
exposure–pulse relationship was evident for the investigated
dose range, the lowest dose associated with increased pulse has
not been established.

Limitations of the present study include the fact that anal-
yses were based on individuals with exposure and response
data available at week 12 or later, with missing response val-
ues imputed using LOCF. It is not possible to estimate how
exposure–response curves may be affected if data from all indi-
viduals (e.g. including those dropping out before week 12)
were included. Liraglutide was studied at a single dose level
(3.0 mg, the only intended dose for weight management) in
Trial 1 (the largest study in the liraglutide 3.0 mg clinical pro-
gramme); consequently Trial 1 covered a limited range of expo-
sures. Indeed, the lack of low-dose exposure data in this trial
may limit interpretation of exposure–response relationships for
AEs. Specifically, while linear regression analyses were used to
identify whether greater exposure was associated with more
AEs, the level of exposure at which specific AEs may begin
to occur could not be identified. Nonetheless, these analy-
ses provide reassurance that the tolerability of liraglutide does
not become compromised with the exposures associated with
the 3.0-mg dose. Different imputation methods affect the esti-
mated separation between placebo and active drug [15]; how-
ever, in the present study, different imputation methods (e.g.
imputing dropouts with the placebo response, or analysing
completers only) resulted in only modest changes to overall
exposure–response relationships (data not shown).

In summary, dose selection with any drug is a com-
plex task that requires balancing benefits with risks, and
exposure–response analyses play an important role. The
present analyses support the use of liraglutide 3.0 mg for
weight management in all subgroups investigated, as weight
loss increased with higher drug exposure, with no deterioration
in safety and tolerability (beyond the known GI side-effects
of nausea and vomiting). Further, these analyses suggest that
the additional weight loss associated with the exposure levels
seen with 3.0-mg dosing (compared with 1.8-mg dosing) can
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translate into additional glycaemic benefits when 3.0 mg is
used for weight management in individuals with obesity, high
baseline HbA1c and comorbid type 2 diabetes.
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