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Abstract

A mathematical model of the changes in plasma glucose antinrncentrations during mild-to-
moderate physiological exercise was developed for typahedic patients. From a metabolic prospec-
tive, the significant metabolic changes in the body indugeeMercise are: increased glucose uptake rate
by the working tissues; increased hepatic glucose pragluéti maintain overall glucose homeostasis;
and decreased plasma insulin concentration. As a distoebefifiect, extended-duration exercise leads
to a decrease in hepatic glucose release; the result is bifitinéo maintain normoglycemia beyond a
certain point during prolonged exercise periods. The matimodel developed by Bergmat al. [9]
was extended to include the major effects on plasma gluaadaaulin levels during and after exercise.
Model predictions of glucose and insulin dynamics were =tast with the existing literature data.
The exercise model was used in the synthesis of linear aniihean MPC algorithms for maintaining
normoglycemia during and after mild-to-moderate exerciBlee closed-loop result of both the MPCs
indicated tight glucose control.

I ntroduction

Type 1 diabetes is a metabolic disease characterized bykaofaendogenous insulin secretion from
pancreati3-cells leading to wide blood glucose variation. It is im@ort to maintain plasma glucose con-
centration within the normoglycemic range (70 - 18@/d), in order to prevent major health complications
[1,2]. The insulin replacement therapy involves 3 to 4 tidagy blood glucose measurement followed
by subcutaneous insulin injection, usually correspondmgneal times and bed time. Such extensive
insulin therapy proves to be inadequate to produce tightogle control due to daily life activities (such
as meal intake, exercisefc) that occur between the few glucose measurements. In codgrotiuce



tighter glucose control, there is a focus on automated imsldlivery system which would be comprised
of a continuous glucose measuring device, an insulin pumg.aacontrol algorithm to govern the system.
To have a reliable automated insulin delivery system opegainder various physiological conditions, it is
necessary to develop an accurate model which is capabledicting blood glucose concentration at rest,
as well as during physiological exercise.

Regulation of plasma glucose concentration for type 1 dialpatients during exercise can prove to be
challenging. Physiological exercise induces severaldomehtal metabolic changes in the body. Exercise
up-regulates glucose uptake by the working muscles [4]rdieroto maintain plasma glucose homeostasis,
hepatic glucose production also increases with increasion intensity [5]. During short-term exercise,

a significant portion of elevated hepatic glucose produci® sustained by accelerated glycogenolysis
[5]. However, during prolonged exercise hepatic glycogemes are depleted to such an extent that the
glycogenolysis rate decreases and, as a result, glucosis dwp. During elevated physical activity, the
plasma insulin concentration drops significantly belovbasal level, which is essential to maintain glucose
homeostasis. Studies performed in dogs [3] and humans y&]fexealed that preventing the drop in insulin
during exercise can disrupt splanchnic glucose productibaring the recovery period after short-term
mild-to-moderate exercise, glucose uptake by the workingaies and hepatic glucose production decrease
gradually, reaching basal levels within 40—%(n [8]. The glucose fluxes behave quite differently during
recovery after prolonged exercise. Due to the reductionyafogienolysis, overall hepatic glucose release
is low at the end of prolonged exercise. Hepatic gluconeegisnthe complement to glycogenolysis in
liver glucose release, remains at its elevated level [6}elLuptake of lactate also rises significantly after
prolonged exercise, with the lactate serving as a subgttanhanced gluconeogenesis in order to restore
normoglycemia [7].

The goal of the present work is to incorporate the fundanieffiects of physiological exercise response
into the Bergman minimal model [9] in order to capture thespia glucose and insulin dynamics during
and after mild-to-moderate exercise periods. In additiolear and nonlinear model predictive controllers
(MPC) are also synthesized based on the exercise modelen wrdnaintain normoglycemia for simulated
Type-1 diabetic patient during and after exercise.

M ethods

The minimal model developed by Bergmanal. [9] was extended to include the major exercise effects
on plasma glucose and insulin levels, as follows:
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Equation (1) represents the plasma insulin dynamics. Thedffierence in this equation from [9] is the
term lg(t), which captures the rate of insulin removal from the cirtaria system due to exercise. The
plasma glucose dynamics, represented by (2), differ fropby9adding the term$(Gprod(t) — Ggiy(t)) —
Gup(t)]. VariablesG,p(t) andGproq(t) represent the rates of glucose uptake and hepatic glucodagtion
induced by exercise, respectively. VariaBigy(t) represents the decline of glycogenolysis during prolonged
exercise due to depletion of glycogen stores. Linear difféal equations were added to capture the
dynamics ofGyp(t), Gprod(t), andle(t) during exercise, and the dynamicsXft) are identical to [9]. The
time dependent dynamics Gyy(t) were modeled as follows:
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Here, tyy (min) is the exercise duration point at which glycogenolysiststéo decrease due to the
depletion of hepatic glycogen stores agd, (min) indicates the end of prolonged exercise. When time,
t, is less tharigy, enough glycogen is available to maintain an acceleratiedofehepatic glucose release.
However, once the duration of exercise exceggs glycogenolysis starts to decrease at a constant rate
given byk. The end of prolonged exerciseX tsop) indicates the commencement of recovery period where
repletion of glycogen stores occur due to accelerated iveglaconeogenesis. Paramelgmrepresents the
time required to reach normoglycemia during the recoverjoge Percentage of maximum rate of oxygen
consumption RV Q') during exercise was used to quantify the intensity of egercA linear differential
equation was incorporated in the model to capture the rigd/@'®* at the onset of exercise.

Two type of MPC algorithms (linear and nonlinear) were emgptbto close the loop for maintenance
of normoglycemia during and after exercise. Taylor seriggapsion method was employed to linearize
the exercise model in order to synthesize the linear MPC. [Ije MPC control algorithm solves an
optimization problem at each time step [13]; the result istimal insulin delivery sequence that minimizes
a user-specified objective function.

Results and Discussion

Data from [10] was used to estimate the parameters of theggumodel in order to capture the effects of
exercise on plasma glucose concentrati@n%?), where healthy subjects performed mild bicycle exercise
(PVO® = 40) for 60 minutes. Blood samples were obtained at regntervals to measure the changes in



glucose uptake rateép, ﬁ]) and hepatic glucose productioB g, ﬁ]) during and after exercise.
With the onset of exercise, both,p and Gproq gradually increased from their basal states to 3:28.25
kgT%] and 3.15+ 0.2 kg[”ﬁ], respectively. During the recovery peridd> 60 minutes), both the variables
declined back to their basal levels. The dynamic&gf and Gproq are represented in deviation form in
Figure 1 (top) and (middle), respectively. A comparisonaeetn model prediction and experimental data
[10] of plasma glucose concentratio@,(%’) is provided in Figure 1 (bottom). The predictions of the

glucose model are in good accordance with the published data

To evaluate the plasma glucose dynamics during prolongectier, data from [7] were considered,
where twelve healthy subjects underwent mild exerd®é@'®* = 30) on a bicycle ergometer for 2 hours.
Plasma glucose was measured throughout the course ofsxaral during a 4thin post-exercise recovery
period. As the duration of exercise extended beyond thehiinst, hepatic glycogenolysis started to decline
due to the depletion of available glycogen stores causingmaich betwee,p andGproq, thus resulting
in a net decline ofs. During the post-exercise recovery period, lactate comgiom by the liver increases
significantly, serving as a substrate for the acceleratstigaercise gluconeogenesis [11], in order to restore
normoglycemia. The model prediction of plasma glucosenduprolonged exercise and the restoration of
normoglycemia during the post-exercise recovery periecshown in Figure 2.

Closed-loop simulation results are provided in Figure 3emetsimulated patients underwent moderate
intensity exerciseRV Q)'® = 50) for a prolonged period (12@in). Controller tunings werep = 10,m =
2,ly=1,andl, = 0.1, ATs was set at 3nin. Safety constraints were simulated by bounding the insulin
input magnitude (6< U (k|k) < QOm—}ﬂ]). In order to make sure that the maximum change in insuliiveisi
rate is not higher than the mechanical characteristics efptimp, a maximum input rate constraint was
employed (AU (k)| < 45 T2 per ATg). Simulation results for both the linear and nonlinear MP@twollers
indicated tightG control during the exercise disturbance, and a quick rastor of normoglycemia during
the post-exercise recovery period.

Summary

A minimal model of exercise effects on plasma glucose-ingiynamics was developed. The model suc-
cessfully captured the effects of mild-to-moderate aerekéercise on plasma glucose and insulin concentra-
tions. Inclusion of separate dynamics in the model for gbecaptake G, p) and hepatic glucose production
(Gprod) made it possible to capture the simultaneous rise of traes with the onset of short-term exercise
in order to maintain glucose homeostasis. These equatiens also successful in capturing the dynamics
of glucose fluxes during the post-exercise recovery peribal.capture the dynamics of plasma glucose
during the various stages of prolonged exercise, vari@ggiewas incorporated. This time-dependent effect
occurred at a fixed time after exercise initiation and cagaluihe decreasing liver glucose output due to the
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Figure 1: Model fit (—) versus published data)([10] in response to mild exercise (P\;B* = 40) which
lasted from O to 60 minutes. Top: glucose uptake ratg,YGMiddle: hepatic glucose production rate
(Gprod); Bottom: plasma glucose concentration (G). Bothdg and G,p are shown in deviation form.
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Figure 2: Model fit (—) versus published data)([7] in response to mild exercise (P\®* = 30) which
lasted from 0 to 120 minutes. Top: plasma glucose (G); MidHipatic glucose production rate (fzq);
Bottom: glucose uptake rate along with glycogen deplet@p,[- Ggy] (bottom). Both Grog and [Gyp -
Gyly] are shown in deviation form.
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Figure 3: Nonlinear and linear MPC simulation results of neoate exercise (PVE* = 50) which lasted
from O to 120 minutes.

shift from glycogenolysis to gluconeogenesis. The mods aliccessfully captured the removal of plasma
insulin from the circulatory system during physiologicaleecise. The exercise model was used in the
synthesis of linear and nonlinear MPC algorithms for maitg normoglycemia during and after mild-to-
moderate exercise. The closed-loop result of both the MRdisated tight glucose control.

References

[1] DCCT - The Diabetes Control and Complications Trial Resh Group. The effect of intensive
treatment of diabetes on the development and progress @ftésm complications in insulin-dependent
diabetes mellitusN. Engl. J. Med.329: 977 - 986, 1993

[2] DCCT - The Diabetes Control and Complications Trial Resh Group. The absence of a glycemic
threshold for the development of long-term complicationke perspective of the diabetes control and
complications trialDiabetes 51: 7 - 18, 2002

[3] D.H. Wasserman, R.J. Geer, D.E. Rice, D. Bracy, P.J.dHak.L. Brown, J.O. Hill, and N. Abumrad.
Interaction of exercise and insulin action in humaks. Physiol. Sociefyd4: E37 - E45, 1991

[4] D.H. Wasserman, A.D. Cherrington. Hepatic fuel met&ol during muscular work: Role and
regulation.Am. J. Physio|.260 (Endocrinol. Metab. 23): E811 - E824, 1991

[5] J. Wahren, R. Felig. Glucose metabolism during leg égerin man.J. Clin. Invest, 50: 2715 - 2725,
1971



[6] G. Ahlborg, P. Felig, L. Hagenfeldt, R. Hendler, and J.RAén. Susbstrate turnover during prolonged
exercise in manJ. Clin. Invest,53: 1080 - 1090, 1974

[7] G. Ahlborg, J. Wahren and P. Felig. Splanchnic and petiphglucose and lactate metabolism during
and after prolonged arm exercise Clin. Invest, 77: 690 - 699, 1986

[8] G. Ahlborg and P. Felig. Lactate and glucose exchangesacthe forearm, legs, and splanchnic bed
during and after prolonged exercise in manClin. Invest. 69: 45 - 54, 1982

[9] R.N. Bergman, L.S. Phillips, C. Cobelli. Physiologicavaluation of factors controlling glucose
tolerance in manld. Clin. Invest 68: 1456 - 1467, 1981

[10] R.R. Wolfe, E.R. Nadel, J.F. Shaw, L.A. Stephenson, Mdrid. Wolfe. Role of changes in insulin and
glucagon in glucose homeostasis in exercdgm. Soc. Clin. Invest77: 900 - 907, 1986

[11] D.H.Wasserman, D. B. Lacy, D. R. Green, P. E. Willianmgj &. D. Cherrington. Dynamics of hepatic
lactate and glucose balances during prolonged exetkiggpl. Physiol.63: 2411 - 2417, 1987

[12] B.A. Ogunnaike and W.H. Ray. Process dynamics modelimycontrol Oxford University PressNew
York, NY, 1994

[13] A. Bemporad, M. Morari, N.L. Ricker. Model predictiveoitrol toolbox: for use with MatlalT he
Mathworks, Inc. Natwick, MA, 1995



