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Abstract. The role played by physical activity in slowing down the progression of
type-2 diabetes is well recognized. However, except for general clinical guidelines,
quantitative real-time estimates of the recommended amount of physical activity,
based on the evolving individual conditions, are still missing in the literature. The
aim of this work is to provide a control-theoretical formulation of the exercise
encoding all the exercise-related features (intensity, duration, period). Specifically,
we design a feedback law in terms of recommended physical activity, following a
model predictive control approach, based on a widespread compact diabetes
progression model, suitably modified to account for the long-term effects of regular
exercise. Preliminary simulations show promising results, well aligned with clinical
evidence. These findings can be the basis for further validation of the control law on
high-dimensional diabetes progression models to ultimately translate the predictions
of the controller into meaningful recommendations.
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1. Introduction

Type 2 diabetes (T2D) is a chronic disease that is becoming more and more challenging
worldwide, bearing a range of significant complications and a growing burden on the
healthcare systems, with substantial social and economic implications [1]. Evidence
suggests that T2D can be prevented or significantly slowed down through lifestyle
interventions, for example via regular physical activity. Nevertheless, there is a lack of
mathematical models suitably describing the physiological machinery mediating the
effect of physical activity on T2D course. Within the framework of the research line
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named "Artificial Pancreas", control approaches have been focusing on short-term,
model-based, glucose control [2-4] via insulin administration and no model-based
control techniques so far have leveraged physical activity management for glucose
control and T2D prevention in the long term. The aim of the present study is to provide
a control-theoretical formulation of the exercise by introducing a novel control-driven
representation to design a model predictive control (MPC) [5] on a compact model of
T2D progression. Specifically, the model by Topp et al. [6] was suitably modified to
integrate the effect of physical activity mediated by Interleukin-6, as formulated in our
previous works [7,8]. Hence, to the best of our knowledge, in this contribution we
provide an original model-based approach for long-term glucose control via physical
activity management.

2. Methods

The model here used is a modification to the one originally proposed by Topp et al. [6].
It describes the evolution of glucose/insulin and the state variables that control their
homeostasis on a long period (months) and the integral effect of physical activity
(modeled by the newly introduced state variable V/;). The main equations and variables
are described in Table 1, whereas a detailed description is reported in [6,8].
Glucose/insulin, beta-cell mass, and insulin sensitivity dynamics are inherited frl m [6]
and the beta-cell dynamics is modified with respect to the original work of [6] to
incorporate physical activity benefits. Specifically, while ¥; and ¥, were formally set
to 1 in the original model, in this study we reformulate these variables using Hill
functions of the V; state variable, similarly to our previous works [7,8] to highlight the
separate contribution of physical activity on beta-cell proliferation P(G) and apoptosis
A(G). Moreover, with respect to [6], a general positive S;;4.ge 1S introduced in S,
dynamics, as in [7,8] with the aim of avoiding the unrealistic, unbounded, beta-cell
growth of the original model by Topp ef al. [6]. Finally, we model the additional effect
of exercise in terms of improved insulin sensitivity S;, widely known in the literature [9]
by adding a factor related to physical activity as described in detail in our previous work
[8]. For what concerns the control input u incorporating physical activity, it is defined
starting from the original formulation in [7,8] by removing the fast dynamics to simplify
the model-based control scheme, given the aim to control T2D progression in the long
term. Specifically, in [7,8] the variable u is defined as a piecewise-constant input
representing the exercise intensity, performed regularly with a given period T in session
of duration 8.

Table 1. Model exploited in this work for the design of the model-based control algorithm

Equation Description of the variables
G =Ry + (Ego +Si1)G G, plasma glucose concentration [mg/dl]
i BoG? I, serum insulin concentration [pU/ml]
| =———kl
@+ G2
=(P- A B, beta cell mass [mg]
) &V - -
S; = —=c(S; = Spearger) (1 — p 31+ V) S,, insulin sensitivity [ml/pU/d]
n.Si A
v, = ﬂ u—kV, V,, integral effect of physical activity (see [7,8] for
Kiie ¢ details) [(pg/dl)min], representing the long-term

effect of exercise
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P=PG)¥Y,(V), V,(V)=(1+ ’;P_:l;) P, beta cell mass proli'feration [1/d] when including
P the effect of the exercise
— 2 - - - -
A=AG)Y,(V), ¥,(V) = (1— ki“r‘l/ 2 A, beta cell mass apoptosm [1/d] when including the
at effect of the exercise
P(G) = 11,G — 15,G* P, beta cell mass proliferation [1/d]
A(G) = dy = 114G + 13,G? A, beta cell mass apoptosis [1/d]

In this work, to derive a control-theoretical formulation of the effect of the

exercise on T2D progression, we introduce an equivalent constant input ., in a compact
form - representing the average effect of the physical activity - by distributing the effect
M%M = uT—g,t € [0,T]. Once the

control is computed, by keeping fixed the exercise intensity # and the period T of the

of the exercise all over the period :u(t) = u,, =

. . . UeqT . . .
exercise sessions, by means of the inverse map § = % it is possible to translate the

information of a general exercise program encoded in u,, into precise recommendations
in terms of duration of the exercise to be performed. The exercise program is updated
accordingly in agreement with the suggestions provided by the controller, designed by
means of an MPC formulation [5]. More formally, in our case the MPC problem finds
the optimal control sequence {u;q,k}kEN, and is designed as follows:

(k*N)T
Uj,, =arg  min ax]f (G(s)? + AuZ,)ds
q kT

Ueq€[0,ul:
@)
st. % = f(x(@®),u(®)),t=0
u(t) = ugqp, t € [kT,(k +1)T], k € N.
The constraints account for the dynamics of the system and for the bounds on u,,.

Specifically, we consider ugy®™ = 3 since, when fixing u = 60% (moderate-to-vigorous

intensity), T = 2 days, the inverse map translates the maximal allowed regime ug,™ =
3 into an equivalent overall duration of exercise very close to 400 minutes/week, that is
the weekly duration at which the benefits of moderate-to-vigorous intensity exercise on
diabetes prevention saturate [10]. Assuming that the conditions predisposing to T2D
arise at t=0 , we simulate the model with initial conditions x(0) =
[G(0) 1(0) B(0) 5,(0) V,(0)]" = [100 10 300 0.72 0]” both in the open loop case and
in the controlled case, feeding the system with the prediction progressively updated by
the controller. The prediction window N is set equal to 20 and parameter A is set equal
t060. Since T2D progression according to the model by Topp et al. [6] occurs tipically
over a time span of one year, the same time frame is considered for our simulations.

3. Results

Fig. 1 (left panel) shows the basal glucose concentration in the open-loop case (dashed
line, no exercise) and in the MPC-controlled case (solid line, exercise determined by eq.
(1)). As it can be observed, in the open-loop case the system undergoes a severe T2D
progression and the progressively rising glucose levels makes the course of the disease
irreversible approximately from the 100th day, as beta cells fail the dynamical
compensation because of the effects of glucotoxicity [6]. As a result, the system reaches
the hyperglycemic steady state (that is conventionally set at G = 600 mg/dl in the Topp
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model [6,11]). Conversely, in closed loop, with the MPC recommending the equivalent
control input u,, as the amount of exercise to be performed, the system is able to delay
the course of T2D and, in the long term, to reverse the progression and restore normal
values for the basal glucose concentration, reaching the normo-glycemic steady-state
(that is conventionally set at G = 100 in the Topp's model [6,11]). Fig.1 (right panel)
shows how the computed control law in terms of equivalent input u,,, encoding the
overall information about the exercise program, can be translated into a precise, time-
varying recommendation on the amount of exercise to be performed. Specifically, by
fixing the exercise intensity (i.e., # = 50% simulating moderate-intensity exercise) and
the period (i.e., T = 2 days), by means of the inverse map, the optimal MPC input (1) is
converted into a precise recommendation on the duration of single exercise sessions. As
it can be seen from the plot, in the early phases of T2D progression, the overall amount
of exercise duration is close to 300 min/week and it gradually decreases, the duration of
the exercise being updated by the MPC controller accordingly with the progressively
lower values of glucose.

Glycemia o Exercise Session Duration

~ — Open loop
MPC.

G (mgidl)y
8 ] &
(mi

16 20 300 20 ] s 10 15 200 0 w0 =
Time (days) Time {days)

Figure 1. Basal glucose concentration as function of time in the open loop case (dashed line) and in the
controlled case (solid line)(left panel); recommended duration of single exercise session as a function of time
computed by means of the inverse map in the MPC controlled case ( # = 50%, T = 2 days) (right panel)

4. Discussion and Conclusions

This work represents a proof of concept showing how a control law should be designed
to leverage physical activity to control T2D progression. Notably, our results are
consistent with evidence in the literature concerning T2D prevention programs through
lifestyle interventions. Indeed, to preserve beta-cell mass from degradation due to the
progression of disease, a higher dose of exercise should be performed in the early stages
of the diabetes course (Fig. 1) [6,7]. This also aligns with the fact that the benefits of
physical activity may persist in the long term even after a discontinuation of the
intervention [12]. Moreover, WHO general guidelines on T2D prevention suggest a
minimum of 150 min/week of moderate exercise intensity, with higher benefits expected
with higher doses of exercise [10,13], in agreement with the overall duration of the
prediction of our controller, suggesting about 300 minutes/week of exercise in the early
stage of T2D progression.
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However, this work shows also some limitations that should be overcome in future
studies. Indeed, at this stage the model underlying the control law does not account for
parameter variations that would allow to simulate patient inter-variability and does not
account explicitly for meal intakes. Moreover, the model is quite simple in its state-space
representation, involving only five state variables for the design of the control law.
Leveraging a more complex model, including the action of additional state variables,
would allow to further account for a more detailed description of the physiological
mechanisms describing the effect of physical activity on diabetes progression. Future
developments are aimed at overcoming these limitations, exploiting the extended version
of our model [7,8] to provide a quantitative assessment to the general, experience-driven,
medical advice on exercise programs for T2D prevention [13].
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