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Abstract

Objective—Obesity pharmacotherapies result in an exponential time course for energy intake
whereby large early decreases dissipate over time. This pattern of declining drug efficacy to
decrease energy intake results in a weight loss plateau within approximately one year. We aimed to
elucidate the physiology underlying the exponential decay of drug effects on energy intake.

Methods—We examined the placebo-subtracted energy intake time courses during long-term
obesity pharmacotherapy trials for 14 different drugs or drug combinations within the theoretical
framework of a proportional feedback control system regulating human body weight.

Results—Assuming each obesity drug had a relatively constant effect on average energy intake
and did not affect other model parameters, our model correctly predicted that long-term placebo-
subtracted energy intake was linearly related to early reductions in energy intake according to a
pre-specified equation with no free parameters. The simple model explained about 70% of the
variance between drug studies with respect to the long-term effects on energy intake, although a
significant proportional bias was evident.

Conclusions—The exponential decay over time of obesity pharmacotherapies to suppress
energy intake can be interpreted as a relatively constant effect of each drug superimposed on a
physiological feedback control system regulating body weight.
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Introduction

In humans, obesity drugs work primarily by decreasing metabolizable energy intake with
minor effects on energy expenditure (1). Unfortunately, pharmacotherapy leads to only
modest average weight loss that plateaus within about one year. According to mathematical
models that accurately account for energy expenditure changes with weight loss (reviewed in
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(2)), if a drug resulted in a constant reduction of energy intake (dashed curve in Figure 1A)
then ongoing weight loss would be predicted to occur for years without reaching a plateau
(dashed curve in Figure 1B) (3). However, because the weight loss plateau occurs within one
year (solid curve in Figure 1B), mathematical models predict that drug treatment result in an
early decline in energy intake followed by a waning of this effect over time (solid curve in
Figure 1A).

In a previous report (4), we used a validated mathematical method (5) to calculate placebo-
subtracted energy intake time courses of 14 different drugs or drug combinations (6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20). The energy intake time courses were all
characterized by a universal exponential pattern whereby large early decreases in intake
dissipated over time. One possible interpretation of these observations is that all obesity
drugs exhibit a decline in their efficacy to suppress energy intake over time.

Here, we show that the exponential waning of early reductions in energy intake during
obesity pharmacotherapy can be interpreted within the context of a physiological system
employing proportional feedback control of energy intake (21). Under this model, obesity
drugs may have a relatively persistent effect, but as weight is lost they fight an ever-
increasing battle against physiological feedback processes resisting further weight loss.
Under this simple model, the exponential parameters defining early and late changes in
energy intake are predicted to be proportional to each other with a pre-specified slope — a
theoretical prediction that we demonstrate was evident in the data.

As previously described (3), the linearized energy balance equation is:

AW
AN S
P W

where W and | are the changes from the stable baseline body weight and energy intake,
respectively. This model accounts for energy expenditure changes with weight loss and the
parameter p is the effective energy density associated with the weight change and the
parameter e defines the change in energy expenditure per unit weight change (3).

We assume that each drug intervention affects energy intake at time zero by a fixed amount,
Pearly, but that energy intake is controlled by negative feedback control in proportion to the
induced weight change with feedback gain k as previously described (21). Therefore, the
energy intake time course is given by:

I(t)= = Pearty — kW () [2]

The linearized energy balance equation can therefore be written as:

Obesity (Silver Spring). Author manuscript; available in PMC 2018 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hall et al.

Page 3

aw
P— = Pearly — (k+e)W

dt [3]

This differential equation can be solved explicitly and the result is the following exponential
time course for weight change, assuming the initial weight change W(0) = 0:

W (t)=— % (1 - e*("f)t> "

Note that the characteristic time constant is given by == p/(k+ &) and therefore the time
scale to achieve a weight plateau becomes substantially shorter with introduction of the
proportional feedback gain k of similar or larger magnitude compared with e.

Substitution of equation 4 into equation 2 demonstrates that the energy intake changes are
also characterized by an exponential time course:

1()= — Py [“é (1—e*(kte)t>} -

Evaluating equation 5 at the initial time point t=0 results in the early change in energy
intake:

Similarly, the late change in energy intake is:

k
I(OO)prea'rly |:]-* :|:*Plate

(k+e) [7]

Therefore, the early and late changes in energy intake are predicted to be related by the
following proportionality:

(kf—e)} 8]

Plate: early |:1 -

The early and late exponential parameters defining the placebo-subtracted energy intake
time courses of various obesity pharmacotherapies were previously published (4). The
feedback control model predicts that these parameters are linearly correlated with each other
according to equation 8. In particular, the predicted slope of the line relating late to early
exponential parameters is completely defined by previously specified feedback gain
parameters k = 95 kcal/kg/d and e = 25 kcal/kg/d (21) resulting in a value of 0.21. Each drug
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is represented by a single parameter: the value of Peariy and the predicted value of Py for
any given drug is defined by equation 8. Importantly, there are no free parameters in the
model and we have made the simplifying assumption that the pre-specified model
parameters are not altered by the drug treatment.

Statistical analysis was performed using Microsoft Excel 2016.

Figure 2A illustrates the significant positive linear relationship between previously published
exponential parameters defining the early (Peariy) and late (Pate) placebo-subtracted energy
intake changes using 14 different obesity pharmacotherapies (p<0.0001). Furthermore, the
observed slope of the best-fit regression line through the origin (solid line) was 0.24+0.03
and was very close to the theoretical value of 0.21 predicted by the model (dashed line)
using previously determined proportional feedback control parameters. The outlier point
indicated by the open square in Figure 2A corresponds to the only data point using the drug
combination phentermine/fenfluramine that is no longer on the market. Removal of this data
point results in even closer agreement between the predicted and observed slope (0.20£0.02)
as shown in Figure 2B. Therefore, the predicted linear correlation between the early and late
exponential parameters appears to be evident in the data.

The predicted values of P4 obtained using equation 8 were not significantly different from
the measurements (p = 0.93 using all data and p = 0.34 excluding phentermine/
fenfluramine). The rootmean- squared (RMS) error of the P, predictions was 99 kcal/d for
all data and 68 kcal/d excluding phentermine/fenfluramine. The Bland Altman plots in
Figure 3 illustrate that the mean bias between the measured and predicted P, (dashed
horizontal line) was 1.6 kcal/d for all data and -12.7 kcal/d excluding phentermine/
fenfluramine. However, the positive correlations in the Bland-Altman plots indicate a
significant proportional bias regardless of whether the data from phentermine/fenfluramine
were included (Figure 3A) (r=0.84, p<0.0001) or excluded (Figure 3B) (r=0.73, p<0.0001).
In other words, the drugs that were observed to result in larger long-term decreases energy
intake were systematically underestimated using the predicted Py values from our simple
model.

Body weight and energy intake were predicted to follow an exponential time course with a
characteristic time scale of T ~ 75 days assuming that the energy density of body weight
change was p ~ 9000 kcal/kg (3). From our previous analysis (4), the mean placebo-
subtracted characteristic time scale for 14 obesity pharmacotherapies was T = 115 + 21
days, which tended to be larger than the predicted value of ~75 days (p=0.067). However,
the drug Orlistat resulted in very large values of T = 400 + 67 days and excluding Orlistat as
potential outlier resulted in a mean characteristic exponential time scale for the remaining 13
drugs of T =81 * 8 days which was not significantly different from the predicted value
(p=0.45).
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Discussion

Despite the simplicity of our mathematical model and its lack of free parameters, the model
correctly predicted the observed positive linear relationship between Pegriy and P)ae across a
variety obesity drugs and doses. Indeed, the slope of the observed best-fit line was accurately
predicted using pre-specified model parameters. We know of no other reason why the early
and late stage drug effects on energy intake should be linearly related according to the
observations, and such a relationship has never been previously postulated. Thus, our results
provide substantial support for considering each drug as having a relatively constant effect
on appetite within the context of a physiological system regulating body weight via
proportional feedback control of energy intake (21).

Furthermore, the characteristic time scale for the exponential pattern of energy intake and
body weight, as well as the P4 values for each drug, were relatively accurately predicted by
our simple model. However, the simple model explained a modest ~70% of the variability in
the long-term reductions in placebo-subtracted energy intake across studies and there was a
proportional bias of the model to underestimate the long-term energy intake effects of more
potent drugs. It is possible that the remaining variability and proportional bias could be
partially explained if the drugs also differentially altered the energy intake feedback control
parameter k. Furthermore, some of the variability could also be related to study differences
with respect to: run-in diets and weight loss; adjustments of diet during the trial; up and
down-titration of the drug; and differential drop-out rates between placebo and drug arms.

We observed two potential outliers where the simple model predictions deviated
substantially from the observations. Orlistat exhibited a very long transition time from its
early to late stage effects on metabolizable energy intake (11, 18). This may have been due
to Orlistat’s unique mechanism to inhibit intestinal fat absorption resulting in side effects
that concomitantly reduce fat intake. The drug combination phentermine/fenfluramine
exhibited a long-term effect to decrease energy intake that was almost 400 kcal/d greater
than predicted by our simple model. While it has been suggested that phentermine may be
mildly thermogenic (22), the magnitude of the observed discrepancy suggests that failure of
our model to account for this mechanism is an unlikely explanation. Furthermore, the same
dose of phentermine in the outlier phentermine/fenfluramine study (19) was used in
combination with topiramate in two other studies (6,9) whose results were more in accord
with the model predictions. Perhaps the greater than expected long-term effect of the
phentermine/fenfluramine combination indicates an important synergistic effect between
these compounds that enhances their individual effects over time.

In conclusion, the exponential waning of early decreases in energy intake during obesity
pharmacotherapy can be partially explained by a relatively constant effect of each drug to
decrease energy intake superimposed on a physiological feedback control system acting to
increase appetite in proportion to lost weight (21). While different obesity drugs affect
energy intake by different magnitudes, each drug may have a relatively persistent effect over
time.
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What is already known about this subject

. Obesity pharmacotherapies are characterized by a universal exponential
pattern whereby large early decreases in energy intake dissipate over time

. Drug treatment results in a weight loss plateau within a year due to the
exponential waning of drug effects on energy intake

. The physiology underlying the exponential decay of obesity drugs on energy
intake was unclear

What this study adds

. We examine obesity pharmacotherapies within the context of a proportional
feedback control system regulating body weight

. Our model explains the exponential energy intake time course as the result of
relatively constant drug effects superimposed on a proportional feedback
control system

. Our model correctly predicts that the exponential parameters characterizing
early and late effects of obesity drugs on energy intake are linearly related
with a slope determined by pre-specified model parameters
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(A) Mathematical model results assuming a constant effect of obesity pharmacotherapy on
placebo-subtracted energy intake in the presence (solid curve) or absence (dashed curve) of
proportional feedback control of energy intake. In the context of such a feedback control
system regulating body weight, a constant drug effect results in an early intake reduction (-
Pearly) that exponentially decays to late effect (-Pjqte) related to Peary according to the pre-
specified model parameters. (B) Corresponding placebo-subtracted body weight changes in
the presence (solid curve) or absence (dashed curve) of the proportional feedback control

system regulating body weight.
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Figure 2.
(A) A significant linear relationship was observed between the previously published

parameters defining the best-fit exponential time courses characterizing early (Peariy) and
late (Pjate) effects of 14 different obesity pharmacotherapies on energy intake. The solid line
is the best-fit linear regression line through the origin and the dashed line is the predicted
linear relationship assuming that each drug has a constant effect without altering any of the
pre-specified model parameters. The outlier data point indicated by the open square is for
the drug combination Phentermine/Fenfluramine. (B) Removal of the Phentermine/
Fenfluramine outlier results in closer agreement between the best-fit regression line (solid)
with the predicted slope (dashed).
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Figure 3.
(A) Bland-Altman plot comparing the previously measured parameters defining the long-

term effects of obesity pharmacotherapies on energy intake (Pjate) With the predicted values
assuming that each drug or drug combination each has a constant effect without altering any
of the pre-specified model parameters. The mean error is indicated by the dashed horizontal
line and the 95% ClI limits of agreement are defined by the horizontal dotted lines. The solid
best-fit linear regression line indicates a proportional bias in the predictions. (B) Removal of
the Phentermine/Fenfluramine outlier results in a similar mean error in the predicted values
for Py;te (dashed horizontal line) and the 95% CI limits of agreement are more narrow
(dotted horizontal lines).
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