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Abstract: - Considerable amount of research effort has been concentrated on modelling and predicting the
progress of coronavirus infection, its impacts, and the ramifications of various measures taken by affected
nations, such as social distancing, vaccination, and provision of long-term health care. More recently, medical
doctors have become aware of an unexpected coronavirus complication that can emerge in a short period of
time after the initial COVID-19 infection, or sometimes several months afterward. NHS research confirmed
that the risk of death is increased significantly in coronavirus patients with diabetes. Our main purpose is to
obtain a better understanding of the impacts of physical exercise on the glucose-insulin dynamics in patients
with diabetes-COVID-19 comorbidity. To control diabetes, it is important to keep track, with the aid of an
appropriate model, of one’s blood sugar levels and to know what levels are too high after a meal, while
physical activity can lower your blood sugar by making your body more sensitive to insulin. Here, we,
therefore, propose and analyse a model of the glucose-insulin control system, comorbidity of coronavirus
infection, that incorporates variations in blood sugar due to food intake as well as the role that exercising can
take in keeping plasma glucose at a suitable level. The solutions of the model are shown to be bounded and
persistent under suitable conditions on the system parameters. The stability and periodicity of the system are
also investigated. The delineating conditions on pertinent physical parameters that allow us to obtain the
desired outcome are interpreted and discussed.
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1 Introduction into this link between coronavirus infection and
A great deal of research effort has been devoted to diabetes mellitus. _ )
modelling and predicting the progress of _ Recent medical research anc_i discoveries have
coronavirus infection and the impacts of social improved the way we can supervise and control both
distancing and other measures in various countries types of diabetes, but there is as yet no cure for
hit hard by the pandemic, for example in, [1], [2], d_|a_betes._Ever_1 though modern medlcme_ has mad_e
[3]. However, according to several recent reports, living with diabetes a lot less challenging than it
[4], [5], [6], diabetes types 1 and 2 can increase the was before, access to treatment is not always
patient’s risk of serious COVID-19 symptoms and assured and insulin therapy is not affordable for
death. Another puzzling connection between the two many. _

ilinesses has been identified whereby the novel ~ According to, [4], medical doctors have been
coronavirus may be able to induce diabetes in some investigating ~ an  unexpected  coronavirus
patients “from scratch”, [7]. Thus, it is most complication that can emerge in a short period of
important to carry out more in-depth investigations time after the initial COVID-19 infection, or

sometimes several months afterward. An increasing
number of patients have been reported to show life-
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threatening symptoms that need prompt medical
treatments. This risk factor of coronavirus
complication is serious and may last through a
patient's entire life. Although most patients will
survive coronavirus infection, several of them
develop long-term symptoms that regularly demand
medical care. Moreover, many of these patients
even advance to the multisystem inflammatory
syndrome, according to, [4].

In, [5], the author asserted that patients with type
1 diabetes are more likely to die of Covid-19 than
those with type 2. Also, NHS research confirmed
that the risk of death is increased significantly in
coronavirus patients with diabetes. It was stated in,
[5], that "Almost one in three of all deaths from
coronavirus among people in hospitals in England
during the pandemic have been associated with
diabetes".

In, [8], the authors studied a model system of
nonlinear differential equations exhibiting multiple
time scales, which attempted to describe diabetes
and COVID-19 comorbidity. The model tracked the
levels of plasma glucose G(t), insulin I(t), and
functional beta cells g, (t), integrating the actions

of insulin resistance Irs and inflammatory response
Ire(t). After the variables in the model system have
been re-scaled so that they were replaced by their
respective dimensionless variables, the authors
arrived at the following autonomous system of
nonlinear differential equations, [8].

effect of insulin resistance
/—/%

dG |
—=R,—-G| E;,,+ S 1
dt 0 GO | I o + | ( )
effect of glucose
f—j%
G
o+ n
dg
dtf =—1,+rG— rZGZIBf 3)
anti-inflammatory
dl viral infection ‘ drug treatment ies_pgfi
d_thP = Koars MKcez 0 T Kp[Drugl+ koG = Ky lgp (4)

In equation (1), the first term on the right, R,, is the
net rate of production at zero glucose. The last term
is the inhibition of the rise of glucose exerted by the
secretion of insulin, [8]. The factor I, stands for
the strength of insulin resistance. In equation (2), the
same as that used in [8], [9], the first term on the
right accounts for the increase in insulin level due to
the increasing level of glucose, while the last term is
the rate of removal of insulin by natural means
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depending on how much insulin is present. Equation
(3) describes the rate of change of functional S-cells,
following, [6].

Table 1. State variables and parameters appearing in
the model equations (1) - (4) with their descriptions

Variable/ Description
Parameter
G glucose  concentration in  the
bloodstream
| Insulin concentration in bloodstream
B functional g cells
lns insulin resistance
e inflammatory response
Ro net rate of production at zero glucose
S insulin sensitivity coefficient
Eco total glucose effectiveness at zero
insulin
i insulin resistance self-inhibition rate
o maximal rate secretion of insulin by g
cells
a glucose concentration yielding 50% of
insulin secretion
k combined insulin uptake at the liver,
kidneys, and insulin receptors
v, power coefficient for Hill-shaped
glycemia effect on pancreatic insulin
release
ro death rate at zero glucose
r I-order coefficient for S cell replication
r Il-order coefficient for S cell
replication
Koars inflammation rate due to SARS-CoV-2
Kaceso | MOrmal ACE-catalyzed conversion rate
' from ANG-II to ANG-(1-7)
A multiple of normal conversion rate
kACEZ,O
Ky inflammation rate due to ACEi surplus
[Drug] | drug concentration
Ke inflammation rate constant due to
glucose surplus
Ko anti-inflammatory ~ response rate
constant of variable
ao Il-order  coefficient  for  insulin
resistance
bo I-order  coefficient ~ for  insulin
resistance
Co Insulin resistance at zero glucose

Equation (4) has been adapted from that
mentioned in, [6]. The first term on the right
accounts for the viral infection, which is expressed
as a product of inflammation factor due to SARS-
CoV-2 infectivity and the abnormal activity of

Volume 18, 2023



WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2023.18.18

ACE2, 4K, , - The second term on the right of (4)
accounts for the increase in inflammatory response
due to drugs that remain in the subject’s body. The
third term on the right of (4) is the inflammation rate
due to glucose surplus. Finally, the last term here
accounts for the anti-inflammatory response, which
varies directly as the inflammatory response at time
t.

The authors refer the readers to, [6], [9], for more
details concerning the model derivation and
description of the model’s variables and parameters
whose definitions are summarized in Table 1.

The model (1) — (4) was analyzed with the
geometric singular perturbation technique, by which
conditions on the system parameters were derived to
identify regions in which the system exhibits
different dynamic behavior. In particular, the
authors discovered under what conditions would the
system be stable, or eventually oscillate
periodically. Discussion of these conditions allowed
the authors to explain how comorbidity mediates the
development of life-threatening symptoms in a
diabetic patient, [8].

Comparatively, the model described in, [6],
consists of many equations to track many quantities
deemed relevant to the problem at hand and
therefore is less tractable than that considered in,
[8], which offers more predictive power. Both of
them, however, did not take into account the
impacts of exercising which can change the course
of glucose-insulin dynamics significantly. The
model system (1) — (4) needs to be adjusted to take
into account the jump in plasma glucose after a
meal, named “postprandial" blood glucose, [10]. To
manage diabetes, it is important to keep track of
one’s blood sugar levels and to know what levels
are too high after a meal. Experts vary on what the
normal number should be, but the ADA says a
general goal is a blood sugar level under 180 mg/dl,
1 to 2 hours after a meal. The right insulin or
medication program can make a big difference, [11].

On the other hand, according to, [11], physical
activity can lower your blood sugar for up to 24
hours or more after your workout by making your
body more sensitive to insulin. The American
Diabetes Association (ADA) has also explained how
exercising can help lower blood sugar, [11]. Firstly,
Insulin resistance is decreased, so that one’s muscle
cells are better able to utilize any available insulin to
pick up glucose during and after physical exertion.
Secondly, when one’s muscles contract during
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exercise, one’s cells use glucose for energy even
though insulin is not available, [11].

Paradoxically, an exercise regimen that is not
properly designed for each person’s physiology can
be harmful. Individuals with type 1 diabetes are
often unable to adequately alter endogenous insulin
levels to maintain normal regulation of blood sugar
during and following exercise, [12]. As a result,
they are at risk for experiencing early and late
hypoglycemia, and hyperglycemia as well. People
taking insulin or insulin secretagogues, oral diabetes
pills that induce one’s pancreas to make more
insulin, are at risk for hypoglycemia if one does not
properly adjust the insulin dose or carbohydrate
intake to take account of exercise, [11].

Thus, it is important to investigate how physical
exertions and exercise moderate the glucose-insulin
control mechanism. We, therefore, propose a model
of the glucose-insulin control system in the presence
of COVID-19 comorbidity, which is based on (1) —
(4), modified to incorporate the impacts of glucose
uptakes after meals and exercise moderation shortly
after each meal. The model is analyzed for the
boundedness of its solutions and then shown to be
persistent under suitable conditions on the model
system’s parameters. The existence of periodic
dynamics in our model is then investigated.
Numerical simulations are utilized to compare
different scenarios to observe the impacts of
exercise on the state variables.

2 Model System

According to [13], those with type 2 diabetes are
supposed to keep blood sugar levels at 160 mg/dl
within 2 hours of a meal. Because exercising
reduces blood sugar, researchers have concluded
that it is better to exercise soon after eating and that
exercising should start about 30 minutes after the
beginning of a meal, [13].

To arrive at a model which considers changes
occurring at the scale of minute or hour in time, we
will assume that, in such a small time scale, the
density of functional beta cells changes very slowly
and may be considered constant. Thus, we put
dg,

dt
(4), in which the insulin resistance term Igs is now
denoted by R(t), taken to vary with time. Also, for
simplicity, we denote the magnitude of the

=0 and only consider equations (1), (2), and
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inflammatory response by C(t). Thus, we arrive at
the following impulsive system of model equations.

dG |

E: RO _G(EGO +S| EJ,G(O) >Gi >0, (5)

d __ BG”

E_O-a+G“h ki, 1(0)>1,>0, (6)

dC

E = Kgups AKnce2 0 + Kp[Drug] + kG -k, C,
C()>C, >0 (7)

dR .

E=—IOR+mC+qI,R(O)>Ri>O (8)

if t=t,t =t ,+nT,t;=0,n=123,....

G(t,)=@1-p)G(t,), )

I(t)=1() , (10)

C(t,)=C(,), (11)

R(t,)=@1-p)R(t,), (12)

n=123..,-1<p<l0<p<l.

Equations (5) and (6) are as explained earlier
following (1) and (2), respectively. After each meal,
plasma glucose concentration peaks. Its level is
reduced by insulin, according to the last term in ().
It could also be scaled down by physical exercise,
which we model by Equation (9), where p takes into
account the net changes in glucose level due to daily
food intake and exercise. We let p > 0when physical

exercise is assumed to affect a net reduction in
glucose level over the positive increase of glucose
due to daily food intake. On the other hand, p<0

means exercising still cannot completely override
the increase in plasma glucose due to food intake.
Since we have recommendations from researchers
mentioned above that it is better
to exercise soon after eating, we take here the time
interval T between meals to be the same as that
between physical activities. The suitable choice of
the unit T* of time t is expected to be in hours,
though the state variables in (5) — (12) are assumed
to be dimensionless, their dimensions having been
scaled out using the same technique as in [8].
Equation (7), the same as (4), follows Equation
(12) in the work of [6]. As explained earlier and in
more detail in, [6], it models the rate of change of
inflammatory response R(t) as a function of
contributions from glucose concentration, ACE
inhibitor treatments, renal conditions, and viral
infections (such as COVID-19) binding to ACEZ2,
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while the drug surplus left inside the body may
reinforce inflammation. Equation (8) is based on
Equation (9) in the work of, [6], taking into
consideration what the authors stated in, [14], that
pro-inflammatory cytokines can raise insulin
resistance R(t) in adipose tissue, skeletal muscle,
and liver by inhibiting signal transduction by
insulin. We assume here that the level of
inflammatory cytokines is directly proportional to
the extent of inflammatory response C(t), and hence
the second term on the right of (8). Insulin
resistance R(t) increases with the increase in insulin
concentration according to the last term of (8) and
decreases naturally according to the first term on the
right of this equation. However, physical exercise
can reduce blood sugar as explained in the
introduction section, and equation (11) takes this
into account. According to (11), blood glucose level
takes an impulsive jump with physical exercise
shortly after a meal, when t=t,,n=123,..., where

the parameter p accounts for the net changes in
glucose level due to daily food intake and exercise.
We incorporate the decrease in insulin resistance by
adding equation (12) which p takes into account
the net changes in insulin resistance Igs due to
physical exercise.

In the next section, we consider when the
solutions of (5) — (12) are positive and bounded,
which is a necessary condition for the model to
realistically simulate the system of interest.

3 Model Analysis

3.1 Positivity and Boundedness
Assuming that

Ego — ks >0,k—q>0,k; —m>0, (13)

we define
§=min(EGO—kG,k—q,keﬁ —m,i0)>0,

R; =R, +0f; +KeppsAKpcea o +Kp[Drug],

and show in the following theorem that, under
suitable conditions, all solutions starting from
positive initial values are positive and bounded.

Theorem 1 For all solutions (G(t),1(t),C(t),R(t))
of (5) - (12) with positive initial conditions, there
exists an M > 0 such that 0<G(t)<M,
O<I(®)<M,0<C(t)<M,and O<R(@)<M for
all large t, provided (13) holds.
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Proof
First, we show that G(t),I(t),C(t), and R(t) are

positive for all t > 0.
To show that G is positive for all t > 0, we

suppose that there is a t;> 0 at which G(t)<O0,
then by the continuity of G, there must be a point t;
0 < t, < t, where G(t;)=0and G'(t;)<0.
However, at t,, (5) becomes

c:j_(t;tﬂ; ) RO 70
which is a contradiction and therefore G is positive

forall t> 0.
To show that | am positive for all t > 0, we

suppose that there is a t; > 0 at which 1(t)) <0, then
by the continuity of 1, there must be a point t,, 0 <
t, <t , where I(t;)=0and 1'(t;) <0. However, at
t,, (6) becomes

di B,G"
—| =0 >0,
dt t=t; a+G"™

since G has been shown above to be positive. This is
a contradiction and therefore | > 0 for all t > 0.
To show that C is positive for all t > 0, we

suppose that there is a t;> 0 at which C(t) <0,
then by the continuity of C, there must be a point t; ,
0 < t, < t, where C(t;))=0and C'(t,)<0.
However, at t,, (7) becomes
dC
Et:t;
since G has been shown above to be positive. This is

a contradiction so that C is positive for all t > 0.
Finally, to show that R is positive for all t > 0, we

suppose that there is a t,> 0 at which R(t)) <0,
then by the continuity of R, there must be a point t; ,
0 < t, < t, where R(t;)=0and R'(;)<O0.
However, at t,, (8) becomes

ar =mC+ql >0,
t=t,
since C and | have been shown above to be positive.
This is a contradiction and therefore R is positive for
all t>0.
Now, to show the boundedness above, we let
V(t, X)=G(t)+ 1(t) +C(t) + R(t) .

When t =t the right derivative of V is

= kSARSAkACEZ,O + kD[DrUg] + kGG >0 )
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DV (t,X)=G'(t) + I't)+C'(t) + R'(t)

| BG”
=R, -G| Eg, +5, R+i +O_0{+GU“ — Kl + Kspps Ak pce 2

+k,[Drug]+k;G -k, C —i;R+mC +ql
<Ry —(Egp —k5)G — (k=) = (ks —m)C —i;R

+(O',Bf +Ksaps AR pcez0 + Kp[Drug] )

That is,

D'V (t, X) <R) —&V(t, X), (14)
since (13) holds. When t =t we consider 2 cases as

follows.
p>0:
V() =L-p)G@H)+1(1t)+Ct)+(L—p)R<V (L) (15)

p<0:
When t=t_,

Vi) =A-p)GH)+I1t)+CHt)+(1- p)R
<V +|p|G(t) <V +|p|V =(1+|p|)V . (16)
Integrating (14), one obtains,

V(t,X)<V, exp(—j{jgds)+L:(exp(—j:§du))R;ds,

« s _aft
=V,e ' + RO'[ e s =Ve + Roe"?‘j eds
0 0

f_ R R
=Ve ' + Rye™ (_e 1) =Ve s + R _Re
4 ¢ ¢
RN
Ve +?—>— ast— oo, )]
whereV, =V (0, X (0)) . Defining
R*
M D(1+|p|)?°>0 : (18)

then (15), (16), and (17) imply
V(t, X(t) <M, vt >0.
Therefore G,1,C, and R are uniformly bounded. O

3.2 Persistence
The following result concerns the persistence of the
model system (5) - (12).

Theorem 2 The model system (5) - (12), with
positive initial conditions, is persistent provided
(13) holds and

~ ioT

q pe
——=L >0, 19
i, e -1 19)
where

ofims” S,M

Q=mmc+qm,,m,=m,|\/|_ =
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m. — Ksprs A pce 0 + Kp[Drug] +kemg
. =
keff

-MT
ms =min| se™", Rl p)gl—e )
M

with M as defined in (18), and ¢ as identified in the
proof below.

Proof
For, t=t,, (5) gives

dG I
—=R,-G| Eg;, +S, ——
R C{ s o)
>R, —(EGO +ﬂj@ =R, - MG
i
We compare the above with the following system.

dth —R,—MG*, ift=t,G*(©0)=G, >0 (20)

G*(t")=@1-p)G*(), ift=t,
Integrating (20), we obtain, for 0<t<t,,

G*(1) = G, exp(~[ Mds) + I;[exp(—j: MdH)RO}ds

. . . Mt
=™ [Gi +It RoeMSds}z e ™ [Gi + Ro(e - 1J:|
0 M

>Ge™ +R, (1_?47") >R, (1_?%).
M M

and
G*(t)=QA-p)G* (), witht, =T,
>(1-p)R wm 0>0
0 '\7' :

Similarly, for t_, <t<t,,

) (1—e’M(”H))
G*(t)>G*( Je 4R )

<

and

1— M (t,~t,4)
G*(t,)=@1-p)G*(t,) >0~ p)Ro(Mé)

(1-¢)
=1-p)R, — >0
Therefore, fort > 0,

~ R/@-p)(1-e™T
G*(t) > min| e, — I\gl ) =me
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Hence, by comparison, as t — oo, there is an mg> 0,

and a 7, >0, such that G(t)>mg —¢g,Vt>1z,, for

sufficiently small & >0.

Next, for, t =t , (6) gives

Guh m Up

d—I:G P —kl>aﬂf ©

dt a+G"™ a+M®™

We compare the above with the equation:

dl* ﬂfmGUh
o

—klI fort>t,.

= —kl =,
dt a+M™
which, may be solved to yield
I *(t) = _oFime” +ce ™
k(a+M™)
for some constant c. Thus,
m YUn

limi =@ =—20
t—>o0 k (a + M )

which, by comparison, means that there exists a
7,>0such that I1({t)>1*@t)>m —¢,,  Vt>
max(z,,z,), for sufficiently small &, >0.

Now, (7) gives
(jj_('f = kSARSAkACEZ,O + kD[DrUg] + kGG - keﬁC

> (Ksars AKace 0 + Kp[Drug]+ksmg ) — kg C,
if t>t . Oncomparing with
dC*
dt
where  p* = Kgpps AKpcer o + Kp[Drugl+ksmg,  we
will similarly find that

*
limC* (t) > —m,.
—>0 off
So, by comparison, we conclude that there exists a
7,>0such  that C(t)=C*(t)>m; —&,, Vt>
max(z,,7,) , for sufficiently small &, > 0.
Finally, (8) gives

d—?:—ioR+mC +gl >mm,+gm, —i;R,

= p*_keff C*'

ift=t,, and t >max(t,,t,). With §=mm,+gm, , we
have for t > max(z,,z,),

drR C
—>G-i,Rift=t, ,
at q-1

R(t")=@1- p)R(),ift=t,.
We compare the above with the following system.

daR* . ..
T>q_I°R Jft=t, ,R(0)=R >0 (21)

R*(t")=(1-p)R*(t),ift=t,.
We can show, in a similar manner as for G(t)
previously, that
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R*(t) > min (c%'OT WJ

IO
where

S=01- p)qw > 0.

This then means there is a 7, >0such that
R(t) 2m; —¢g,,Vt>max(z,,7,,7,), for sufficiently
small ¢, >0.

Thus, all the above results together with that in

Theorem 1 yields
0< I|m|nf G(t) < limsup G(t) < oo,

t—oow

0< I|m|nf I(t) <limsup I(t) <o,

t—owo

0< I|m|nf C(t) <limsup C(t) <,

t—oo

0< I|m|nf R(t) < limsup R(t) < oo.

t—oo

That is, the system is persistent. O

3.3 Stability and Periodicity
We next prove the stability of the equilibrium

solution of the model system (5) — (12) to ensure
that, with little contributions from food intakes or
physical exertions, solutions starting sufficiently
close to the steady state values will eventually tend
towards those values as time passes, provided
certain conditions on the system parameters are

satisfied. In the case that p=0 and p=0, we
denote the steady state solution
by S, = (G, I,,C,,R,) . Equating the right-hand side

of (8) to zero yields

iR, —ql
R.=mC, +qI,,C, =59 |
m

Using the above in (7) gives
= Kt (IoRs —1) = M(Kgpps A0 + Ko [DrUg])
mKkg '

S

Equation (6) leads to

| = oG

* k(a+GM™)
Equation (5) then gives

)
R, +i

O-ﬂfSIGsUth:L _
K(R, +i)(a+G,")

Ro _G{Eeo +S|

That is,

R, —

GO>s
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Namely,
—(03;S, + KR E4y )G, ™ + kKRR, G,
—KaEgoR; G, + kaR,R; =0,
where R, =R, +i.

In order that (5) — (12) to have a unique non-
washout steady state, it is necessary that v, =1, in
which case we obtain the equation
(oB;S, +KR, Eg,)G,” + (kaEg,R; —kR R, )G, —kaR R, =0.
so that the system has only one positive steady state

S, =(G,,1,,C,,R)) if
kaEg,R; —kR,R; >0 (21)
Letting
E,=E;, +S, —— E —&,
R, +i G
we obtain the following stability result.
Theorem 3 When p = 0, p=0, the steady

state S, is locally asymptotically stable if (13), (19),
(21) hold and
C =ac(ky +1i,)—b(cqg+mky)

+Kiy (Kt + ES)+ Ekyy (i +K) >0.
D =Kk, (KE, +ac) —b(cgk,, +kmkg)>0.

(22)

Proof
Introducing a small perturbation
u=(0G,9o1,6C,0R)
about S;;
606=G-G,,8l=1-1,,6C=C-C,,6R=R-R,,
we then arrive at the following linearized system of
(1)-(4) satisfied by u .
da
dt
where J_is the Jacobian matrix of (5) -

=J.u,

(8) about

-E, -a 0 b
c -k O
JS = )
ke 0 kg O
0 ¢ m -,

where
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4 G,S, b SGl, . _ oaf G
Ro+i" (R +i)  (@+G™*)

The eigenvalues x of J_satisfy the following
characteristic equation:
(1 + B+ K)o+ Ko Y+ 1) +aC(e + Ko )1 + 1)

—b(ca(ky + ) + (K + z)mk,) =0.

Letting z() denote the left-hand side of the above
equation, one has
r(u)=p* + A’ +Bu? +Cu+D=0,
where
A=i,+k+ky +E,
B=ac+k(i, +ky +E;)+ky (i, + E;) + Egly,

C =ac(ky +i,) —b(cqg+mk;)
+Kiy (ko + ES)+ Ejkyy (iy +K),
D =k, (KE, +ac) —b(cqk, +kmky) = 2444, 16514,

We see that 7 — o0 as i —» o0, and
A>0,B>0,
Thus, by Descartes’ Rule of Signs, the characteristic
equation has 4 negative eigenvalues if
C>0andD>0
corresponding to condition (22). Thus, the steady
state S, is locally asymptotically stable if (13),

(19),(21), and (22) holds. O

Clinically, the system being persistent means its
intractable continuation of characteristic medical
state, or durability despite treatment or influence of
environmental conditions. In our case, this includes
daily food intake in combination with exercising,
and persistence and stability are the desirable
outcome.

Finally, the existence and stability of a periodic

solution of (5) — (12) in the case that -1< p<1 and
O<p<1 is given by the boundedness of all

solutions of the model system proven in Theorem 1
and the application of the result stated in the article
by, [16], which states in Preposition 2 that, for a
model satisfying certain suitable conditions, every
bounded solution converges to a periodic solution.
Their proposition encompasses a wider set of
differential equations, and to generalize their result,
many terminologies had to be introduced. However,
our model equations involve continuous functions
which are relatively simple, utilized often in
biological models. We, therefore, omit the detailed
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description of the proposition so that definitions of
new terminologies, unnecessary to our purposes,
need not be introduced. The following theorem
follows straightforwardly.

Theorem 4 If (13) and (19) hold, then every
solution of (1) — (8), where -1l<p<1l and

0< p <1, with positive initial condition converges
to a periodic solution.

Proof
It is straightforward to see that our model (5) — (12),
with -1<p<l and O<p<1, satisfies the

conditions required by Preposition 2 in the article by
[16], while conditions (13) and (19) assure that all
solutions of our model with positive initial
conditions are positive and bounded. Thus, every
solution of (5) — (12) under these conditions
converges to a periodic solution. O

4 Numerical Simulation

In this section, we present some numerical
simulations of the model system (5) — (12) to
support our theoretical predictions.

Figure 1, shows numerical simulations, when the
conditions in Theorem 4 hold, comparing the case
that there is no contribution from physical exercise,
seen here in red, and the case where the effect of
physical exercise is felt by the control system, seen
here in blue. In both cases, meals are taken every 6
hours (T = 6), leading to spikes in glucose levels.
Here, we simulate the situation where a workout is
initiated soon after each meal, having the effect of
lowering the peaks in blood sugar due to food intake
by the factor p from -0.2 to -0.15, and reducing
the insulin resistance by the factor p from 0 to

0.14. The time series of all state variables are
observed to tend to a periodic solution as
theoretically predicted. We see here how exercising
has the effect of lowering the glucose peak after
each meal as a result of lowering insulin resistance
and blood glucose.

In Figure 2, the solution trajectory is shown in
various 3-dimensional phase spaces corresponding
to the case in Figure 1 where p = -0.15 and p=
0,14. The trajectory is seen to approach a limit cycle
on which the solution oscillates periodically as
theoretically predicted.
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For Figure 1 and Figure 2, Ro = 0.2, Ego = 0.7, S,
=5,i=05 06 =05, g, =05 a«=05k=05, ¢

= 0.5, kSARS = 0.5, kACE = 0.2, kD = 0.1, [Drug] = 0.5,
ke =0.15, kesr = 0.5,i0=0.2, m=0.2,g=0.2, vh = 1,
T =6, G(0) = 0.144, 1(0) = 0.17, C(0) = 0.2, R(0) =
0.3.

TIME

TIME

0) TIVE

d) TIME

Fig. 1: Numerical simulations of (1) — (8) in the case
that the conditions in Theorem 4 hold for different
values of p and p. Time series are shown for (a)
glucose (b) insulin (c) inflammatory response (d)
insulin resistance.

p=-0.15p=0.14.
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Fig. 2: Solution trajectory plotted in (a) (G, I, C)
phase space (b) (G, I, R) phase space (c) (I, C, R)
phase space, for the case that
p=-0.15 and p=0.14.

In Figure 3, we show the time series of plasma
glucose G for p=0.05, which is the case that

physical exercise is able to override the glucose
intake from a meal. The glucose level is seen here to
take an impulsive drop after every interval of period
T = 6 before slowly rising back to the original level.

Thus, by varying the values of p and p, the
extent to which a physical workout induces a drop
in blood sugar in different patients with diabetes-
COVID-19 comorbidity, each of whom responds to
such exertions to varying degrees, a fact that can be
accounted for by fitting the parametric values in the
model to each specific patient.
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20 280
TIME
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Fig. 3: Time series of plasma glucose G(t) for the
case that p is positive, p=0.05, while the other

parameters have the same values as in Figure 1 and
Figure 2.

5 Interpretation and Discussion

We note that exercising and blood glucose control
mechanisms work differently in different persons.
For the model to be able to simulate individual
subjects in different scenarios, it needs to be fitted
with data measured from that individual within a
controlled environment. Since there are a great deal
of factors that may vary unpredictably from moment
to moment, or for different activities at that
particular moment in time, the result of model
predictions must be taken in combination with
considerations regarding these random events which
may affect the outcome.

According to, [13], some endocrinologists
believe that exercising soon after eating has positive
effects on blood sugar. However, this can vary from
person to person. For a person suffering from
diabetes whose body does not manage blood sugar
efficiently, sugar level can increase too much during
the first half hour of physical exertion before it
starts to drop. If one begins to work out with blood
sugar which is very much too high, it might have
dangerous consequences, [13]. One might need to
wait for the level to go down a little before starting
to exercise.

Every person reacts a little differently to
exercise, so it is advisable to track a person’s blood
sugar levels for four to five hours after post-meal
exercise to see what your reaction to exercising is,
[11]. This can help you ascertain whether your
levels are currently healthy or dropping too low. It is
essential to check our blood sugar levels more
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frequently before and after exercise so that we may
benefit more from physical activity. We also can use
the results of our blood sugar checks in combination
with the predictions of the model in which the
parameters have been calibrated to fit our personal
trends, to know how our body would react to
different levels of activities. Understanding these
patterns can help us keep our blood sugar from
becoming too high or too low.

In particular, if you are taking insulin
supplementary injections, or oral diabetes pills that
cause your pancreas to make more insulin, you are
at risk for hypoglycemia if your insulin dose or
carbohydrate intake is not adjusted with exercise.
Checking your blood sugar before undertaking any
physical activity is important to prevent
hypoglycemia (low blood sugar). The model can
show the extent to which your workout may affect a
drop in your blood sugar to below the safe level, or
how hard each person should engage in physical
workouts to keep blood sugar from rising too high
after a big meal.

To achieve certain stability in the system such
that each model solution tends asymptotically to a
periodic solution as seen in Figure 1 and Figure 2,
we need the conditions (13) and (19) to hold so that
the system is persistent.

As explained in section 3, persistence and
stability are the desirable outcomes, since they
ensure the continuation and maintenance of blood
glucose so that it does not reach a dangerous level,
despite treatment or influence from daily food
intake or exercise.

For condition (19) to hold, we see that it puts a
restriction on how hard the physical workout should
be undertaken. If other parameters in (19) are fixed,
then o must not exceed the maximum limit p,_ . SO

that

G(e* 1)
ioe%T
This means, for your particular body type, the

limit to how hard you should exercise is limited by

the quantity p, .., given that you choose to exercise

every T unit of time. As an example, if you exercise
more frequently, T being smaller, then the above
formula stipulates that you should not exercise so
hard that p exceeds p,, Wwhich is smaller for

smaller T.

Moreover, for condition (13) to hold, we need the
total glucose effectiveness at zero insulin Ego to be
sufficiently large so that it exceeds the specific
inflammation rate due to glucose surplus kg. Also,
the combined insulin uptake at the liver, kidneys,

p< Op (23)

max *
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and insulin receptors (k) should exceed the specific
rate of increase of insulin resistance due to insulin,
and the impact of the inflammatory response on
insulin resistance should remain low enough so that
m is smaller than the anti-inflammatory response
coefficient Kes.

6 Conclusion

Although WHO has said that COVID is no longer a
global emergency, many still advocate continued
vigil. In [15], the author underscored the importance
of ensuring continued accountability especially
when an event as devastating as the COVID-19
pandemic is concerned.

Numerous researchers have turned their
attention toward Post Covid-19 Syndrome (PCS),
considered to be a major cause of morbidity.
Specifically, in the article by, [17], a review of the
association and consequences of PCS and diabetes
was reported. They described the various symptoms
of PCS which can be due to organ dysfunction,
consequences of hospitalisation and drugs, or other
unrelated factors. According to, [17], type 2 diabetes
mellitus has a “bidirectional relationship with
COVID-19”. PCS is influenced by the presence of
diabetes symptoms through various
pathophysiological mechanisms. Symptoms like
tachycardia, sarcopenia as well as muscle fatigue,
microvascular dysfunction, and organ damage in
patients with diabetes can be exacerbated by
COVID-19. Thus, there are numerous ways by
which Post Covid-19 Syndrome can be harmful to
patients with diabetes. We may conclude from the
report in [17], and those by other researchers, that
strict control of diabetes involving supervised
rehabilitation, physical exercise, and optimal
nutrition, which necessitates a nutritional regimen
that is suitably adjusted to exercise, could help in
reducing the impact of Post Covid-19 Syndrome and
raising the efficiency in its control and management.

In this article, we have investigated the role of
exercising and food intake in the control of blood
sugar in patients with diabetes in relation to
COVID-19 symptoms. Utilizing a system of
nonlinear differential equations with impulses in the
glucose concentration and insulin resistance due to
periodic food intakes and physical exercises soon
after meals, we have been able to derive delineating
conditions which ensure that the sugar level remains
in the controllable bounded ranges. The model’s
numerical simulations show periodic peaks in
plasma glucose similar to those observed in clinical
data, [18]. Exercising soon after each meal is
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illustrated to be able to moderate the sharp rise in
blood sugar that normally occurs after each meal.
The quality and extent to which the responses are
observed are unique for each individual patient.
Close inspection and interpretation of the conditions
derived from our analysis shed light on how the
glucose-insulin control system is impacted by
COVID-19 infection and how different levels of
workouts adjusted with an individual’s nutritional
program could be utilized for the best outcome for
the purposes of the patient’s health care.

Although our model appears relatively simple,
and the methodologies for its analysis have been
applied to other models, the complexity of our work
lies in the difficulty in arriving at our conclusions
regarding the persistence and boundedness of the
system, to make the conclusions regarding its
periodicity and stability, a significant characteristic
for the control of this complex dynamics
complicated by comorbidity which, to our
knowledge, has not been investigated before.

For future research, we could use the collected
data from patients with diabetes and COVID-19
infection to determine some of the parametric values
and make interpretations that are more specific to
particular patients turn our attention to the
consideration of vaccination policy and possible
side effects, in comparison with unvaccinated
survivors of coronavirus infection in the future
trends of the spread of this virus with its mutations,
which is believed by many experts to still pose a
serious threat to humankind.

Acknowledgment:

This research has received funding support from the
NSRF via the Program Management Unit for
Human Resource & Institutional Development,
Research and Innovation  (grant  number
B05F640231). Also, this research is partially
supported by the Centre of Excellence in
Mathematics, Ministry of Higher Education,
Science, Research and Innovation, Thailand (grant
number RG-01-65-01-1).

References:

[1] Babashov, S., Predicting the Dynamics of
Covid- 19 Propagation in Azerbaijan based on
Time Series Models. WSEAS Transactions on
Environment and Development, Vol. 18,
2022, pp.1036-1048.
DOI: 10.37394/232015.2022.18.99.

Makanda, G., A Mathematical Model for the
Prediction of the Impact of Coronavirus

[2]

Volume 18, 2023


https://timesofindia.indiatimes.com/city/kochi/covid-not-over-yet-need-continued-vigil/articleshow/98322672.cms
https://timesofindia.indiatimes.com/city/kochi/covid-not-over-yet-need-continued-vigil/articleshow/98322672.cms
https://timesofindia.indiatimes.com/city/kochi/covid-not-over-yet-need-continued-vigil/articleshow/98322672.cms
https://timesofindia.indiatimes.com/city/kochi/covid-not-over-yet-need-continued-vigil/articleshow/98322672.cms
https://timesofindia.indiatimes.com/city/kochi/covid-not-over-yet-need-continued-vigil/articleshow/98322672.cms
https://timesofindia.indiatimes.com/city/kochi/covid-not-over-yet-need-continued-vigil/articleshow/98322672.cms

3]

[4]

(5]

[6]

[7]

(8]

9]

[10]

WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2023.18.18

(COVID- 19) and Social Distancing Effect,
WSEAS Transactions on Systems and Control,
Vol. 15, 2020, pp. 601-613.

Riyani, Y., Andriana, S., Mardiah, K,
Suherma, L., Riyadhi, B., Arianto, A,
Khamimi, K., Jakfar, J., Endri, E., Stock
Market Reactions before and during the
COVID-19 Pandemic: Evidence from
Indonesia, WSEAS Transactions on Business
and Economics, Vol. 49, 2022, pp. 1189-
1194. doi: 10.37394/23207.2022.19.104
Smith, C., A Dangerous New Coronavirus
Complication was Discovered-and it never
goes away if you get it.
https://bgr.com/science/ coronavirus-
symptoms complications-diabetes-onset-after-
covid-19/ (Accessed: 06.03.2022)

Campbell, D., Covid-19: People with Type 1
Diabetes more likely to Die than those with
Type 2, Diabetes.
https://www.theguardian.com
[society/2020/may/20/type-1-diabetics-type-2-

coronavirus-nhs-study (Accessed:
06.03.2022).
Barbiero, P., Lio, P., The Computational

Patient has Diabetes and A COVID, medRxiv.
https://doi.org/10.1101/2020.06.10.20127183
(Accessed: 06.03.2022).

Geddes, L., Covid can Infect Cells in
Pancreas that Make Insulin, Research Shows,
Diabetes, The Guardian, 29 Sep 2021.
https://www.theguardian.com/society/2021/se
p/29/covid-can-infect-cells-in-pancreas-
thatmake--insulin-research-shows

(Accessed: 26.05.2023).

Rattanakul, C., Lenbury, Y., Khajohnsak
sumeth, N., Modchang, C., Geometric
Singular Perturbation Analysis of a Multiple
Time-scale Model for Diabetes and COVID-
19 Comorbidity, WSEAS Transactions on
Biology and Biomedicine, Vol. 19, 2022.
DOI: 10.37394/23208.2022.19.20.

De Gaetano, A., Hardy, T., Beck, B., Abu
Raddad, E., Palumbo, P., Valleskey, J.B.,
Pgrksen, N., Mathematical Models of
Diabetes  Progression. Am J  Physiol
Endocrinol Metab. 2008 Dec, 295(6): E1462-
79.

DOI: 10.1152/ajpendo.90444.2008.

Nazario, B., Postprandial Blood Sugar: How
to Control Spikes After Meals,
https://www.webmd.com/diabetes/how-
manage-blood-sugar-spikes-after-meal
(Accessed: 05.25.23).

E-ISSN: 2224-2856

185

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Chontita Rattanakul, Yongwimon Lenbury

Get Started Safely: Blood Glucose and
Exercise, American Diabetes Association.
https://diabetes.org/healthy-
living/fitness/getting -started-safely/blood-
glucose-and-exercise#:~:
text=Physical%20activity%20can% 20lower
%%2020your,see%20the%20benefits%200f%
20activity (Accessed 27.05.2023).

Colberg, S. R., Laan, R., Dassau, E., Kerr,
D., Physical Activity and Type 1 Diabetes, J.
Diabetes Sci Technol, Vol. 9(3): pp. 609-
618. DOI: 10.1177/ 1932296814566231.
Reynolds, A.N., Venn, B.J.,, The Timing of
Activity after Eating Affects the Glycaemic
Response of Healthy Adults: A Randomised
Controlled Trial, Nutrients, Vol. 10(11), p.
1743. DOI: 10.3390/ nu10111743.

de Luca, C., Olefsky, J. M., Inflammation
and Insulin Resistance, FEBS Lett, VVol. 582
(1), pp. 97-105.
DOI:10.1016/j.febslet.2007.11.057.

Galvio, J., COVID-19: Forgetting a Pandemic
that is not Over, The Lancet, VVol. 401, 10386,
pp 1422-1423, Aril 19, 2023.

Girel, S., Crauste. F., Existence and Stability
of Periodic Solutions of an Impulsive
Differential Equation and Application to CD8
T-cell Differentiation, Journal of
Mathematical Biology, 2018, 76(7), pp.1765-
1795. ff10. 1007/s00285-018-1220-3ff.ffhal-
01721728ff.

Raveendran, A.V., Misra, A., Post COVID-19
Syndrome (“Long COVID”) and Diabetes:
Challenges in Diagnosis and Management.
Diabetes & Metabolic Syndrome: Clinical
Research & Reviews, Vol. 15 (2021) 102235.
Hans, J. Woerle, J., Gerich, E., 2004, Glucose
Physiology, Normal, Encyclopedia of
Endocrine  Diseases, https://www.science
direct.com/science/article/pii/B012475570400
6168.

Volume 18, 2023


https://www.theguardian.com/society/diabetes
https://pubmed.ncbi.nlm.nih.gov/?term=Laan%20R%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Dassau%20E%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kerr%20D%5BAuthor%5D

WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2023.18.18

Contribution of Individual Authors to the
Creation of a Scientific Article (Ghostwriting
Policy)

-Chontita  Rattanakul: analysis,  simulation,
validation, writing & editing.

-Yongwimon Lenbury: conceptualization,
verification of analysis, stability analysis,
interpretation, and source of funding.

Sources of Funding for Research Presented in a
Scientific Article or Scientific Article Itself

This research has received funding support from the
NSRF via the Program Management Unit for
Human Resource & Institutional Development,
Research  and  Innovation  (grant  number
BO5F640231). Also, this research is partially
supported by the Centre of Excellence in
Mathematics, Ministry of Higher Education,
Science, Research and Innovation, Thailand (grant
number RG-01-65-01-1).

Conflict of Interest
There is no conflict of interest.

Creative Commons Attribution License 4.0

(Attribution 4.0 International, CC BY 4.0)

This article is published under the terms of the

Creative Commons Attribution License 4.0

https://creativecommons.org/licenses/by/4.0/deed.en
us

E-ISSN: 2224-2856

186

Chontita Rattanakul, Yongwimon Lenbury

Volume 18, 2023


https://creativecommons.org/licenses/by/4.0/deed.en_US
https://creativecommons.org/licenses/by/4.0/deed.en_US



