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Abstract

Aims: To investigate the impact on weight loss of the treatment changes in over-
weight or obese people that may be needed in case of gastrointestinal
(GI) tolerability issues during escalation of the glucagon-like peptide-1 analogue
liraglutide.

Materials and methods: The individual longitudinal body weight data from the main
trial periods of three phase IlI/Ill trials in overweight or obese patients (56-week
treatment with once-daily liraglutide 1.2, 1.8, 2.4 or 3.0 mg or placebo, n = 4952)
were analysed using a non-linear mixed-effect modelling approach. Individual phar-
macokinetic profiles were derived based on published pharmacokinetic models. Base-
line body weight, baseline glycated haemoglobin (HbA1c), age, gender, diabetes
status (no diabetes, prediabetes or type 2 diabetes), race and trial region were investi-
gated as covariates. As a form of external validation, the model was used to predict
the weight regain after treatment cessation at week 56 (data not included in model
development).

Results: A pharmacokinetic/pharmacodynamic model provided an adequate descrip-
tion of the weight loss trajectories for all studied doses. Gender and diabetes status
were identified as the most influential covariates, and an underlying seasonal weight
fluctuation was identified. Slower than that recommended, one-week dose-escalation
algorithms led up to 2 weeks slower initial weight loss but similar long-term weight
loss trajectories.

Conclusions: The relationship between liraglutide systemic exposure and weight loss was
successfully established in overweight or obese people. The model could predict the time
course of weight regain after treatment cessation and suggests that Gl tolerability can be

mitigated by slower escalation with only minor impact on the weight loss trajectory.
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1 | INTRODUCTION

The global obesity epidemic continues to grow, with an estimated
38% of the world's adult population predicted to be overweight
and 20% obese by 2030.2® Even though first-line interventions,
such as diet and increased physical activity, can lead to weight loss,
studies show that people tend to regain the lost weight in the long
term, potentially owing to well-regulated body weight homeostatic
mechanisms and decreased effort regarding weight maintenance
over time.*® Thus, effective and well-tolerated interventions
are needed to aid with weight reduction and help sustain the
lost weight in the long term. Novel incretin hormone-based
pharmacotherapeutic approaches have been proposed as a viable
strategy for weight management in overweight or obese patients.
Glucagon-like peptide-1 (GLP-1) is a member of the incretin
hormone family that stimulates insulin secretion and dose-
dependently inhibits glucagon secretion. It has been shown to lead
to weight loss via a reduction in energy intake by increasing satiety
and reducing hunger.”"12

Liraglutide is an acylated human GLP-1 receptor agonist with a
half-life of ~13 hours following subcutaneous injection, supporting
a once-daily dosing regimen.*3% While the positive correlation of
liraglutide therapy and weight loss has been established, the objec-
tive of the present analysis was to further describe how the sys-
temic concentration of liraglutide is quantitatively linked to weight
loss over time.'®1> Quantitative approaches, such as population
pharmacokinetic/pharmacodynamic (PK/PD) modelling, can be
used to describe and quantify the relationships and can delineate
both the maximal effects expected from a pharmacotherapeutic
intervention and the rate over time at which these changes take
place.r®

Gastrointestinal (Gl) side effects, such as nausea and vomiting,
are the most common side effects of liraglutide therapy and have
been shown to be transient over time due to tolerance develop-
ment.)” To reduce the likelihood of Gl side effects, a dose-
escalation algorithm is used during the treatment initiation phase,
with 0.6 mg as the starting dose and a weekly increment of 0.6 mg
up to the target 3.0 mg dose.?®21 |f patients do not tolerate the
increased dose, it is recommended to delay the dose escalation by
1 week.'®21 However, the impact on long-term weight loss with
more conservative algorithms than the standard escalation algo-
rithm is currently unknown. Additionally, patients who discontinue
liraglutide treatment have been shown to regain some of the lost
weight, but the rate at which this weight regain happens is also
unknown.

The aim of the present study was to describe and quantify the
longitudinal trajectories of weight loss in overweight or obese peo-
ple undergoing treatment with liraglutide using a population
PK/PD modelling approach and to evaluate the impact of
covariates. The developed model was used to investigate the
impact of slower dose escalations on the long-term weight
changes and explore the rate at which weight is regained after ces-

sation of liraglutide treatment.

2 | METHODS

21 | Datadescription

Data from three randomized, controlled phase Il and Ill trials, Trial 1:
SCALE Obesity and Prediabetes (NCT00422058)??, Trial 2: SCALE
Diabetes (NCT01272232)2 and Trial 3: phase II, dose-finding trial
(NCT00422058),%* were used to develop a population PK/PD model
for liraglutide-induced weight loss. The double-blind, placebo-con-
trolled, parallel-group studies were performed in: overweight or obese
adults with at least one weight-related comorbidity (ie, hypertension
and/or dyslipidaemia; Trial 1), overweight or obese adults with type
2 diabetes mellitus (Trial 2) or obese adults (without diabetes/weight-
related comorbidity; Trial 3).

Participants were randomized to once-daily liraglutide or
liraglutide placebo injections, both as an adjunct to a reduced-calorie
diet, and increased physical activity. Participants receiving liraglutide
were initiated at a dose of 0.6 mg/d, with weekly dose increments of
0.6 mg up to the allocated randomization dose. Trials 1 and 2 con-
sisted of a 56-week main trial period and 12-week re-randomization
and follow-up periods, leading to an overall duration of 68 weeks. In
Trial 1, at week 56, all participants who did not have prediabetes at
baseline were re-randomized 1:1 to either continue liraglutide treat-
ment or be switched to placebo. In Trial 2, all participants discon-
tinued liraglutide treatment and were followed up for a 12-week
period. The duration of Trial 3 was 20 weeks of treatment. In Trials
1 and 2, participants who discontinued (left/were withdrawn from)
the trial prematurely before week 56, were asked, if possible, to
return to the trial sites 56 weeks after randomization, and their weight

at that time was recorded (retrieved dropouts).

2.2 | Model development and evaluation
A PK/PD model for body weight change from baseline for placebo
and liraglutide-treated participants was developed using data from the
main phase of the trials, that is, 56 weeks for Trials 1 and 2, and
20 weeks for Trial 3. Individual liraglutide plasma concentrations were
predicted using the individual parameter estimates (empirical Bayes
estimates) from a previously developed population PK model (one-
compartment model with linear absorption and elimination;
Equation $1).2° For participants for whom individual estimates for var-
iables were not available, these were approximated using the same PK
model, in combination with the individual baseline characteristics.
Various structural models were explored to describe the time course
of weight change from baseline for placebo- and liraglutide-treated par-
ticipants. Exposure-response data over different weeks identified a devi-
ation from a classic indirect response model previously used to describe
weight loss over time.2¢ Additionally, while an indirect response model
could characterize the long-term weight changes for both the placebo
and the on-treatment groups, it consistently under-predicted the weight
changes in the treatment initiation time period.?’ For this reason, and for

consistency with the current understanding of the physiological changes
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that occur when initiating a weight management intervention, the model
was expanded to incorporate a bi-phasic structure, which consists of an
early and a sustained weight change phase.®

The bi-phasic model was parameterized as the sum of two
processes, both represented by indirect response models, a tran-
sient (fast) weight loss phase with rate d(w¢.s:)/dt and a sustained
(slow) weight loss phase with rate d(wgow)/dt. The transient
weight loss phase was described by a two-exponential model with
a bi-phasic pattern, allowing for a time-dependent production
rate. Additionally, because the data indicated a dependency on
the time of the year, this was accounted for by estimating the
underlying oscillations in body weight over the time of the year
using a cosine function. The PK/PD model was implemented
based on the equations below:

The overall weight change is given by:

W = Wiast + Wsjow (1)

The transient (fast) weight loss phase is given by:

dw,
dftast =_k, (Wfast —_ (Pmax,fast ekt 4 Emax fast e‘kefft)) (2)

where wg,s: is the transient (fast) weight loss, k4 is the transient
body weight gain/loss rate constant, Ppax fast is the maximum
transient placebo effect, Enax fast IS the maximum transient
liraglutide effect (equals zero for the placebo group) and ke is the
transient body weight loss rate constant for the liraglutide treat-
ment group.

The sustained (slow) weight loss phase is given by:

dw,
% =—ko (Wslow - Pmax, slow + PRrond - t+ PA""P
day.of.year Emax,slow -C
-cos<2n 365 >+ ECeo+c (3)

where wqo,, is the sustained (slow) weight loss, k, is the sustained
body weight gain/loss rate constant, Ppax sow IS the maximum
sustained placebo effect, Prpng is @ slope parameter allowing for
weight gain over time (disease progression), Pampis the amplitude of
the weight change that can be attributed to the time of the year, day.
of.year represents the time of the year in days, ranging between
1 and 365 for January 1 and December 31, respectively, Emax siow IS
the maximal sustained liraglutide effect, ECsq is the liraglutide concen-
tration leading to half-maximal sustained liraglutide effect and c repre-
sents the individually predicted liraglutide concentrations. All rate
constants were parameterized as half-lives for easier interpretation
(i.e. Thair = In(2)/k). Modelling was performed on per cent change from
baseline transformed data. The initial conditions for the differential
equations described by Equation 2 and Equation 3 were equal to zero.

Population PK/PD analysis for repeated measures was performed
using non-linear mixed-effects modelling with NONMEM® (version

7.3, ICON Development Solutions, Hanover, Maryland).?® Parameter

estimation was performed using the first-order conditional estimation
method with interaction (FOCE-I). Pirana was used as a user interface
for the model development procedure, and Perl speaks NONMEM
(PsN) version 4.6.0 was used for controlling NONMEM runs.2? R ver-
sion 3.5.2 (R Foundation for Statistical Computing) was used for
dataset creation and graphical visualization.°

Inter-individual variability (IIV) for model variables was evaluated
using the normal or log-normal distribution (mean of 0 and variance of
w?). A systematic stepwise search for IIV was performed based on the
maximum likelihood. IIV was included following a significant decrease
in the objective function value (AOFV>10.83, P <0.001) and a reduc-
tion in unexplained residual variability >10%. IV was assumed to be
mutually independent. Residual unexplained variability was modelled
using an additive residual error model. A detailed description of the
model-building strategy is provided in the Supporting Information.

A predefined set of covariates based on prior knowledge of the
liraglutide mechanism and previous liraglutide exposure-response
analyses were tested using a stepwise covariate search algorithm for
all variables identified with 1V (forward inclusion: P <0.01; backwards
elimination P <0.001).3>2%2° The covariates assessed were: baseline
body weight, baseline HbAlc, age at baseline, diabetes status
(no diabetes, prediabetes or type 2 diabetes), sex (female/male), race
(white, black or African American, Native Hawaiian or other Pacific
Islander and American Indian or Alaska native) and trial region (Europe
and Oceania, North America, Asia, Africa and South America). A
detailed description of the covariate selection strategy is provided in
the Supporting Information.

The influence of time of the year on the rate of weight change
was initially graphically explored. First, using a temporary and explor-
atory model structure (Supporting Information, yearly variation sub-
model), we estimated deviation factors for each month of the year,
using January as reference. An oscillation pattern would be indicative
of an underlying structure, suggesting the influence of time of the
year on weight change. Following the identification of the weight
oscillation pattern, different seasonal fluctuation sub-models were
explored, and the final model was qualified based on the objective
function and visual improvement in goodness-of-fit plots.

The precision of model parameters was derived by performing a
sampling-importance-resampling procedure.3! The performance of the
final model was investigated via a visual predictive check to determine
if the model accurately reproduced the variability in the observed data.

2.3 | Simulations of treatment initiation algorithms
and weight regain following cessation of treatment

Using the final model and assuming a population consisting of
the same gender and trial region ratios, as observed in Trial 1,
three scenarios for treatment initiation algorithms were simulated.
Liraglutide therapy is suggested to be initiated at a dose of
0.6 mg/d with weekly dose increments of 0.6 mg/d to mitigate the
risk of Gl side effects (nausea and vomiting). To explore the influ-

ence of more conservative dose-escalation algorithms in the



7 | WILEY

PAPATHANASIOU T AL.

1-year weight loss trajectories, algorithms based on dose escala-
tion every 2 and 3 weeks were simulated. Additionally, to explore
the time course of weight regain following treatment cessation,
the following four different scenarios were simulated: liraglutide
treatment discontinuation at 5, 20, 32 and 56 weeks after treat-
ment initiation.

3 | RESULTS

3.1 | Dataand demographics

The baseline summary characteristics of the participants included in
the analysis are presented in Table 1. The study population consisted

of 4952 participants aged between 18 and 82 years, of whom 3630

TABLE 1
Characteristics Trial 1 (n = 3662)

Liraglutide dose

Trial 2 (n = 824)

0 mg 1225 209
1.2 mg - -
1.8 mg - 203
24 mg - -
3.0 mg 2437 412
Gender
Female 2869 408
Male 793 416
Trial region
Europe 1339 312
North America 1786 409
South America 233 0
Asia 210 49
Africa 30 54
Oceania 64 0
Race
White 3114 687
Black or African American 348 94
Asian 131 19
American Indian or Alaska native 8
Native Hawaiian or other Pacific Islander 4
Other 57 17
Mean (SD) Range Mean (SD)
Age, years
Average liraglutide 38.6 (10) 13.7-101.7  26.5(9.4)
concentration, nM
Baseline body weight, kg 106.3 (21.4) 63-244 106 (21.6)
Baseline BMI, kg/m? 38.3(6.4) 27-77.2 37.1(6.8)
Baseline HbA1c, mmol/mol 2.7 (0.03) 2.5-29 2.9 (0.07)

were women and 1322 were men,. The mean baseline weight was
105.5 kg and ranged between 60 kg and 244 kg. The mean baseline
HbAlc was 2.7 mmol/mol and ranged between 2.5 mmol/mol and
3.1 mmol/mol. The majority of the participants were white (n = 4260),
with a large group of black or African-American (n = 447) and a minor-
ity of Asian participants (n = 150). The majority of the observations
were recorded in Europe (n = 2117) and North America (n = 2195).

3.2 | Pharmacodynamic model

The observed and model-predicted mean weight changes relative
to baseline for the three different trials and treatment groups are
presented in Figure 1. As seen from the model predictions, the

final population PK/PD model provided an adequate description

Demographics and summary of baseline characteristics for subjects included in the analysis

Trial 3 (n = 466) Combined trials (n = 4952)

98 1532

94 94

90 293

92 92

92 2941

353 3630

113 1322

466 2117

0 2195

0 233

0 259

0 84

0 64

459 4260

5 447

0 150

0 12

0 4

2 76
Range Mean (SD) Range Mean (SD) Range
9.4-72.5 27.1(11.6) 7.2-67.9 35.2(11.4) 7.2-101.7
60.1-193.3  97.5(13) 69.2-141.2 105.5(20.9) 60.1-244
27-67.6 34.4(2.8) 29.1-41 37.8(6.3) 27-77.2
2.7-3.1 2.7 (0.03) 2.6-2.8 2.7 (0.09) 2.5-3.1

Abbreviations: BMI, body mass index; HbA1c, glycated haemoglobin; n, number of individuals.
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of the weight loss trajectories of the placebo and liraglutide
treatment groups. Figure 1 also presents the good fit of the mod-
el predicted mean weight change for participants who discon-
tinued Trials | and |l week 56,

Additionally, the model-predicted weight regain trajectories were

prematurely (ie, in-trial).
in good agreement with and showed little deviation from the
observed data after treatment cessation (data after week 56 were
not used in model development). Finally, diagnostic plots and the
visual predictive check showed no evidence of systematic bias
(Supporting Information, Figures S1 and S2). The structural param-
eter estimates of the population PK/PD model are presented in
Supporting Information, Table S2.

The bi-phasic PK/PD model that was used to describe the weight
change-time profiles led to a significant improvement in both the log-
likelihood (AOFV = -6710, +3 parameters) and the goodness-of-fit
plots as compared to a classic indirect response model.?’” Figure 2
shows the early and sustained weight change phases, as well as the
net weight loss effects for the placebo group and following liraglutide
3.0 mg therapy. Treatment differences could be identified for both
the transient and the sustained weight loss phases. Liraglutide

increased the sustained weight change from baseline in a
concentration-dependent manner via a saturable concentration-
effect relationship. The estimated liraglutide ECsq was 22.5 nmol/L
(95% confidence interval 17.5-28.2), which is in good agreement
with previous exposure-response analyses.'®> The liraglutide
concentration-response relationship to change from baseline per
week of treatment is shown in Figure S3.

3.3 | Effect of covariates on weight change

The stepwise covariate analysis showed that sex, diabetes status, age
and trial region were the main covariates affecting the weight change
time course. Diabetes status primarily affected the transient and
sustained maximum placebo effects, as well as the sustained body
weight loss rate constant for the liraglutide treatment groups and
maximal sustained liraglutide effect, with participants with type 2 dia-
betes achieving lower weight loss effects as compared to those with
or without prediabetes for both the placebo and liraglutide treatment

groups. Sex was found to affect the transient body weight loss rate

(A) Trial 1 (B) Trial 2
—#— Placebo —#— Placebo
) 0 —o— Liraglutide 3.0 mg & 0 —e— Liraglutide 1.8 mg
é é —A—|ijraglutide 3.0 mg
(] (O]
== 27 . £ 21
()] [0
) i |5
= @®© = @®
O o 44 O o 4
3 3
< 9 g 9
O+ -6 O+« -6
m 8-, m %
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E -8 .f. H/{/{ E -8
[&] [&]
-10 A -10 A
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0 8 16 24 32 40 48 56 70 75 80 0 8 16 24 32 40 48 56 70 75 80
(In-trial) (In-trial)
Time since first dose (weeks) Time since first dose (weeks)
(c) Trial 3
—#— Placebo
< 0 —o— Liraglutide 1.2 mg
é —&— Liraglutide 1.8 mg
(0] —— Liraglutide 2.4 mg
£ 2 —a— Liraglutide 3.0 mg
- =
c 9 i
=) i
O o 4
e
>
=
O = -6
m o
2
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<
[&]
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FIGURE 1

Observed mean weight relative to baseline for Trial 1 (A), Trial 2 (B) and Trial 3 (C) versus time since first dose. The main trial

phase for Trials 1 and 2 was up to week 56. Participants that discontinued the trial prematurely were asked to return to trial sites at week 56, and
their weight was recorded (in-trial). After the main phase, participants were discontinued from liraglutide treatment and followed up for

12 weeks. Response data are presented as mean change from baseline body weight as observed, with 95% confidence intervals. Lines represent
the mean model population predictions. Data up to week 56 were included in the model development
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FIGURE 2 Model predicted transient (fast), sustained (slow) and net (total) weight changes for the placebo (A) and liraglutide 3.0 mg (B) group
for participants with normoglycaemia. Treatment differences could be identified for both the transient and the sustained weight loss phases. The
simulated population was based on the gender and trial region ratios, as observed in Trial 1. The simulations were performed without the yearly
variations sub-model. (C) Model-predicted yearly fluctuation for body weight change from baseline for the placebo group (light blue) and for
liraglutide 3.0 mg-treated subjects with normoglycaemia (dark blue) according to the pharmacokinetic/pharmacodynamic model. The solid lines
show the cosine curve with a period of 365 days that best described the underlying yearly fluctuation trend, normalized to the beginning of the
year. 95% confidence intervals (shaded areas) were constructed from 2000 parameter vectors sampled from the multivariate normal distribution

based on the estimated covariance matrix

constant for the liraglutide treatment groups and maximal sustained
liraglutide effect, as well as the amplitude of seasonal weight changes.
Age affected the maximum sustained placebo effect via an inverse
relationship. Finally, trial region was found to affect the maximum
sustained placebo effect and the sustained body weight loss rate con-
stant, with participants from North America, South America and Asia
achieving 78%, 105% and 120% maximum sustained placebo effects,
respectively, as compared to participants from Europe. The magnitude
and direction of the included covariate effects are presented in
Figures S4 and S5.

3.4 | Seasonal variation effect
The presence of a seasonal rhythm was evident when relating the
monthly deviation estimates to the time of the year that the observa-

tion was recorded (Figure Sé). The graphical exploration indicated that

a cosine function would be appropriate for describing the underlying
structure. Inclusion of a cosine function led to a significant change in
the objective function value (P <0.0001) and a decrease in the IV for
Pmax, slow and Prpnd. Exploration of differences in the magnitude of
the seasonal variation effect across different groups showed that the
amplitude for participants with normoglycaemia treated with
liraglutide 3.0 mg was 44.5% lower than for the control group

(Figure 2C).

3.5 | Simulations

The final model was used to simulate the long-term weight loss fol-
lowing liraglutide treatment (assuming compliance equal to the
observed data in the three randomized control trials) using different
escalation algorithms (Figure 3A). One-, 2- and 3-week escalation

algorithms reaching the target dose of 3.0 mg within 4, 8 and
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FIGURE 3 Model simulations of the (A) weight loss trajectories for three different treatment initiation dose-escalation algorithms and
(B) weight regain trajectories following liraglutide treatment cessation 5 (orange line), 20 (green line), 32 (yellow line) and 56 (light blue) weeks

after treatment initiation

12 weeks were simulated, and the expected time to 5% weight
change from baseline was 8.4, 9.6 and 10.9 weeks, respectively. Loss
of effect for the more conservative as compared to the typical escala-
tion algorithm was <1% at all time points as compared to the typical
escalation (0.4% and 0.7% for the 2- and 3-week escalation algo-
rithms, respectively). Finally, simulations of weight regain were per-
formed after treatment discontinuation after 5, 20, 32 and 56 weeks
of treatment initiation. The expected duration of treatment benefit,
defined as separation by >1% weight change as compared to placebo
following treatment discontinuation was 10, 18, 27 and 29 weeks for

the 5, 24, 36 and 56 weeks of treatment, respectively.

4 | DISCUSSION
We developed a population PK/PD model incorporating data from
three clinical trials to quantify the effect of liraglutide on weight
change following 1-year treatment in overweight or obese patients.
Our novel model captured the early and long-term phases of weight
change through a bi-phasic model structure and allowed us to identify
liraglutide treatment effect on both phases. Additionally, we were able
to quantify an underlying rhythm of weight change attributable to the
time of the year, which is likely to occur because of the natural sea-
sonal rhythms of increased activity and reduced caloric intake during
the summer season.®? Finally, simulations with our model and differ-
ent treatment initiation escalation algorithms revealed that, despite
some small differences in the early phases of weight change, similar
long-term weight loss effects could be expected for all algorithms.
Our model was able to accurately describe the longitudinal
changes in body weight after either diet and exercise alone or as an
adjunct to liraglutide therapy. The model's bi-phasic structure was
designed to capture (1) the rapid changes in body weight during the
first few weeks of reduced caloric intake, potentially attributed to
changes in body water stores and (2) the comparatively slower long-
term body weight changes attributable to changes in lean and fat

mass.® The bi-phasic model described the data significantly better
than a simple exponential decay model and is in agreement with previ-
ous attempts to describe and quantify weight changes after weight
management interventions.® Interestingly, it allowed us to identify
liraglutide effects on both phases, potentially attributed to a higher
rate of weight loss due to body water decrease when on liraglutide
treatment and a long-term sustained weight reduction due to the ano-
rectic effects of liraglutide. Our model slightly overpredicted the
effects for the 1.8 mg dose in Trial 2 after week 48. The mechanism
behind this deviation between the model and data (after week 48) is
unclear and speculative, and thus was not accounted for.

After treatment cessation at week 56, some weight regain was
observed in the liraglutide groups. As we did not include the follow-
up data in the model development, we were able, as a form of external
validation, to explore whether our model could predict the weight
regain trajectories. The external validation confirmed that the model
was able to predict accurately the weight regained due to treatment
discontinuation for the 3.0 mg dose. The observed regain for the
1.8 mg dose in Trial 2 was somewhat faster than the model predicted,
probably due to model misfit after week 48. Liraglutide has a relatively
short half-life, meaning that most of its systemic concentrations are
expected to be cleared within 2 days of treatment cessation.*® Thus,
the weight regain trajectories will be driven by the maximum effect
and rate constants of the placebo model alone. Because our model
captured the placebo data accurately, it is likely to lead to accurate
predictions of the durability and rate of weight regain following treat-
ment cessation. Simulations of treatment discontinuation after 5, 20,
32 and 56 weeks of treatment suggest that a treatment benefit after
discontinuation is longer for participants who have used liraglutide for
a longer time, and can be expected for up to 29 weeks before the
weight reaches within 1% of the weight change that is expected for
participants after diet and exercise.

During model development, we were able to identify a small
seasonal variation in weight change. The magnitude of this yearly

variation was consistent with previous findings in an overweight
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population, and interestingly, it was found to be smaller in the
liraglutide-treated groups than the placebo group.®2 These differ-
ences could potentially be attributed to the sustained effect of
liraglutide on food intake or food preference across the treatment
period.>® Despite the clear seasonal effects in Trials 1 and 2, these
could not be detected in Trial 3, potentially because of its shorter
duration, the smaller number of enrolled participants and the very
limited or no data for the months of July to December. Additionally,
we could not capture potential alignment differences for the north-
ern and southern hemispheres, potentially because of the much
smaller dataset for the southern hemisphere, as compared to the
northern one, that did not include robust information about all
months of the year (the majority of participants were randomized in
Europe and North America [n = 4312] as compared to southern
hemisphere countries [Australia, n = 64; Brazil, n = 143; Mexico,
n = 90; South Africa, n = 84]). The small magnitude of the seasonal
effects suggests that they should not necessarily be taken into
account during the design and interpretation of longitudinal studies.
However, the fact that it was possible to detect these effects in a
randomized clinical trial setting suggests that it may be relevant to
consider them across any time course evaluation of weight manage-
ment interventions.

According to the liraglutide prescribing information, the rec-
ommended dosage for weight management is 3.0 mg daily.*82* To
reduce the likelihood of Gl symptoms, a dose-escalation algorithm is
proposed to be used during the treatment initiation phase, with
0.6 mg as the starting dose and a weekly increment of 0.6 mg up to
the target 3.0 mg dose. If patients are unable to tolerate an increased
dose during dose escalation, it should be considered to delay dose
escalation by ~1 additional week. Previous exposure-response model-
ling analyses suggest that liraglutide-induced nausea can be mitigated
by slower dose escalation.®* Simulations based on our model were
performed to assess the influence on weight change when more con-
servative (ie, 2- and 3-week escalation step intervals) than the pre-
scribing information recommended (ie, 1-week interval) algorithms are
used. Despite some small differences in the early weight loss phases,
the 1-year weight loss profile was found to be similar across all differ-
ent escalation algorithms. These results are potentially important for
the initiation of liraglutide treatment in GLP-1-naive patients, who
appear more sensitive to Gl side effects (nausea and vomiting) during
the escalation period. Because liraglutide therapy is known to lead to
Gl side effects early in the treatment initiation phase, which are tran-

sient over time3>%¢

, such delayed escalation algorithms could bear the
potential of lower side effect incidence rates with similar long-term
weight loss effects to those of the standard escalation algorithm.
Additionally, the slower dose-escalation algorithms are expected to
lead to similar HbA1c control to the standard algorithm because the
effect of liraglutide on HbA1c reaches a plateau for doses >1.8 mg,25
which, even with the slowest dose-escalation algorithm (i.e. escalation
every 3 weeks), is reached within 4 weeks from the start of
treatment.

In conclusion, we developed the first population PK/PD model

to link liraglutide systemic concentrations to longitudinal trajectories

of weight loss in overweight or obese patients. The modelling
approach allowed us to identify both a transient and a more
sustained weight loss component and, additionally, a subtle signal of
seasonal weight changes. Finally, model simulations suggested that
slower escalation algorithms, as described in the prescribing informa-
tion for liraglutide 3.0 mg for weight loss, can be applied with only a
modest impact on the expected weight loss outcome.'®?! These
results are potentially valuable for patients who experience worse Gl
side effects and would thus benefit from a slower dose escalation.
Additionally, we demonstrate weight benefits of liraglutide 3.0 mg
beyond cessation of treatment, and that these effects continue for a
longer time for patients with a longer liraglutide 3.0 mg treatment
duration.
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