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Analysis of Impulsive Models of Subcutaneously
Delivered Insulin Kinetics

Andrea De Gaetano, Pasquale Palumbo, Simona Panunzi, Wan Hui Ong Clausen

Abstract— This work proposes a pair of models for sub-
cutaneous (sc) insulin kinetics. Three sc injections are con-
sidered over a 24 hour time period. Each injection delivers
both fast and slow insulin, so that a third order system is
built, whose components are the fast and slow sc masses of
insulin and the plasma insulin concentration. The insulin
injections are modeled as impulsive inputs.

ODE (Ordinary Differential Equation) models can be
written when neglecting the delays in the absorption of in-
sulin from the sc injections to the plasma circulation. Two
linear, time-varying, periodic models have been presented,
both taking into account that different absorption rates are
associated with different times of a 24 hour time period.
One model consists of a variable structure system, switch-
ing among three linear working modes, according to the in-
jection times. The other treats the time-varying absorption
rate as an harmonic function.

The qualitative behavior of the solutions is investigated in
both the cases, showing positivity, boundedness and global
stability of solutions. As far as the statistical identifiability
of the models is concerned, it has also been proven the global
identifiability of the switching linear model, according to a
suitably defined set of experiments, while a rank condition
is given to check local identifiability of the other periodic
model.

Keywords— Insulin absorption, Mathematical modeling,
Insulin delivery, Identifiability.

I. INTRODUCTION

HE modeling of glucose-insulin homeostasis is an ap-

pealing and challenging topic in biomathematics and
many different models have been presented in the last
decades, mostly referred to the well-known experimental
framework of the Intra Venous Glucose Tolerance Test
(IVGTT), where a bolus of glucose is administered intra-
venously and glucose and insulin concentrations are fre-
quently sampled (see e.g. the ODEs of the Minimal Model
[2], [9], or the more recent integro-differential equations
models of [3], [7]). An interesting survey on a very wide
class of most significative models available in literature and
the software tools related to them may be found in [6]. The
main role of these models is to evaluate glucose and insulin
sensitivity in clinical patients [2], [9].

A widely adopted insulin therapy for type 1 Insulin-
Dependent Diabetes Mellitus (IDDM) patients consists of
subcutaneous (sc) injections three or four times a day, with
the dose adjusted on the basis of three to seven capillary
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blood glucose concentration measurements. The aim of a
closed loop control of the plasma glucose concentration has
recently stimulated the research towards implantable sc ac-
tuators/sensors, from a technological point of view [4]; of
course, the design of a suitable control law (see e.g. [1] and
references therein to take a look at closed and partially-
closed loop strategies of recent years) requires an accurate
description of the absorption of insulin from the sc injection
to the plasma circulation.

Such an issue, dealing with the modeling of the plasma
insulin absorption from a sc injection in IDDM patients,
has been investigated in this paper. The existing literature
is mainly involved in linear, time-invariant models, taking
into account one or two compartments (see [8] and refer-
ences therein, where an interesting comparison has been
performed among most of the available models). The nov-
elty of the present contribute is to consider time-varying,
periodic models, describing the physiological situation of a
different sc absorption according to different periods of a
single day. Two models have been presented, dealing with
a different approach to the characterization of such a pe-
riodicity: one model is a variable structure system, whose
dynamics switches among three linear working modes; the
other is a more generic periodic system, assuming that the
absorption rate of sc insulin is a 24 hour harmonic function.

The experimental framework consists of three sc injec-
tions over a 24 hour time period. Each injection delivers
both fast and slow insulin, so that a third order system is
built, whose components are the fast and slow sc masses of
insulin and the plasma insulin concentration. The insulin
injections are modeled as impulsive inputs.

Both the models provide positive bounded solutions, con-
tinuous w.r.t the initial conditions. Moreover, it has also
been proven that the unique equilibrium point, correspond-
ing to the physiological basal values, is globally asymptot-
ically stable. As far as the models identifiability is con-
cerned, the switching model is proven to be globally iden-
tifiable, while a condition is given to check local identifia-
bility for the other periodic model.

The paper is organized as follows: the next section de-
scribes the equations of a linear, periodic model for the sc
absorption; Sections IIT and V consider the variable struc-
ture and the harmonic models, respectively, while Sections
IV and VI deal with the corresponding qualitative analysis
of the models. Section VII investigates the models identi-
fiability.



II. MODELING THE INSULIN ABSORPTION

The plasma insulin absorption from a subcutaneous in-
jection in an IDDM patient is described according to the
following ODE model:

Kpp(t)Q¢(t) +uy(t),
(t) (t)Qs( ) + us( ), (1)
pI(t) + 220 Q1) + Kol (1),

where Q)¢ and @, are, respectively, the fast and slow sc
masses of insulin, I is the plasma insulin concentration,
Ky, Kps are the absorption rates of the fast and slow sc
masses of insulin, K, is the rate of plasma insulin disap-
pearance, V7 is the distribution volume. It is assumed that
both the time-varying absorption rates K¢, K,s are peri-
odic functions on a 24 hour time period, so that model (1)
is a linear, time-varying, periodic system. Moreover, the
rate of absorption of the slow sc insulin K,(¢) is assumed
to have the same time shape of that of the fast sc insulin,
that means:

Kps(t) = aKpf(t), with «a€(0,1). (2)
Initial conditions are:
Qf(to) =0, QS(tO) =0, I(to) =0, (3)

according to the fact that an IDDM patient as zero basal
insulinemia.

The inputs uf, us describe the fast and slow sc insulin
injections. There are three sc injections each day, at times
tl + hT, tQ + hT, tg + hT, With:

0<ty <t <ty <ts<T, T =24, h€Z+; (4)
each injection at time t; + AT, ¢ = 1,2,3, is an impulsive
forcing term, modeled as a Dirac function of weigh Dy, and
Dy, for the fast and slow sc insulin, respectively, so that:

co 3
> Dyt —t; — hT),
h;o igl (5)
=Y "> D.8(t—t; — hT).
h=0 1

=0 1=
III. VARIABLE STRUCTURE MODEL: SOLUTIONS

According to physiological reasons, a way to model the
absorption rate is to assume that K,/(¢) switches among
three different constant values. The sc insulin masses are
injected at the beginning of each period so that, without
loss of generality, it is reasonable to assume ty = t; = 0.
Taking into account a generic interval T}, = [hT, (h+1)T),
for h € Z*, and considering the partition:

Ty = [hT,t2 + RT),
Ty = [ta+ hT,t5 + hT),

Ths = [ts +hT, (h+ 1)T),
(6)

Ty =Th1 UThoUT 3,
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the fast sc insulin absorption rate can be written according
to the following formula:

K;Df(t) = Kpfl +Kpf2 XTh 2 (t)+KPf3 XTh,s (t)’

with X7, ,(t) being unitary for ¢ € T}, ; and zero elsewhere.
Note that parameters K, , K.p, V7, o are strictly positive,
while K, ,, K,t,, may well be negative, provided that:

Kpf1 + Kpf2 >0, Kpf1 + Kpfs > 0. (8)

teTy, (7)

According to (7), system (1) can be written by using the
following variable structure model:

X(t) = A/_L(t)X(t) + Bu(t)’ (9)
where X = (Qf Qs I)T € IR? is the state vector,

is a known switching parameter, taking values in R(pu) =
{1,2,3} such that:

1, teTha,
) =4 2, €T, het, (10)
3, t€Thgs,
with:
~K; 0 0 Ki=Kppy.
A = 0 —akK; 0 , Ko = Kpp + Kpp,,
Ki/Vi aK;/VI —Ku K3 = Kpf, + Kps;

(11)

U= (uf uS)T € IR? is the input with:

10
B=|0 1 (12)
0 0

In the sequel, the explicit solutions of system (9) are
achieved. In order to have a more compact notation, the
triple {K1 K5, K3} will be preferred in the notations w.r.t.
{Kpp, Kppy, Kprs b, as it has been done in (11). Below
follow the impulsive responses (i.e. X(0) = 0) of Q; and
Qs for t € T}, achieved at each T}, ; as free evolutions
starting from times t; + AT, i =1,2,3:

f e Ki(t— hT) te Ty,
o (Q —Kito +Dj ) Kg(tftgth)7 t I Th’27
Qf( )= ( C_2 —K1to —|—Df2) —Ka(tz—t2) _|_Df3)
.eng(tftgth)7 t I Th 3,
(13)
she—aKl(t hT) te Ty,
Ou(t)=d Qe R 4 D YR € T,
D=V (@it 1 Dokt 1 )
e~ oKs(t=ts=hT) = ¢ c Ty o
(11)

with Q) = Qf(hT), Q, ), = Qs(hT) given by:

@f,h+1:Df1+((C_2f7h67K1t2 + Dy,)e Kalta=t2) 4 D)

_e—f(g,(T—tg)7

@f,o = Dfu
(15)



and

Qs,h+1 :Dsl + ((Qs’hefal(ltz + Dsz)efaKz (ts—t2) + Dss)

—aKy(T—t:
e~ aKs(T—t3)

QS,O = DSl'
(16)
The plasma insulin concentration is the convolution inte-
gral of both the fast and slow insulin masses contributions:

I .
10=77 [ (Ko (nQur) + Kyn(r)Qu () ot
(17)
so that, by naming I} ;(t), ¢ = 1,2,3, the insulin concen-
tration for ¢ € T}, ;:

Ih71 (t) = jhefK“’(tihT)

I ‘Ep7 1
oo oAD) KA
(18)
fh,z(f) — Ih,l(t2 + hT)eszp(t—tthT)
Ko(Qpne X124Dyy)
TR, R
.(eng(tftgth) _ eszp(tftrhT)), (19)
aKa(Q, ne *X1'24D,,)
+ Vi(Kazp—aKz)
(e~oKa(t—ta=hT) _ o= Kup(t—ta=hT)),
Ih,g(t) — Ih’Q(tS =+ hT)e—sz(t_tS—hT)
Ks((Q e 51124 Dy, )e K2ts—*2) 4 Dy )
+ Vi(Kep—Ks)
,(e—Ka(t_t?»_hT) — e_sz(t_tii_hT)), (20)

aK3((@S’he"”{lt?+D32)e’“K2<t3*t2>+D33)
+ Vi(Kzp—aKs)
.(efaKg(tftgth) _ e*sz(tft?,*hT))’
where:
Ih . (t; T = li I ; p=1,2 21
hﬂ(tl"rl + h ) tb—»tifln-‘rhT hﬂ(t)? ? )< ( )
and Ij, = I(hT) obeys the equation:
Th+1 = The_KTPT + Mh, TO = 07 (22)
with:
- %(e*(Klt2+K@(T*tz)) )
aK1Q, (K ta+ Ko (T—t — K., T
+ i, ey (e (@ e (1) — emfenT)
Jer(the K1'24Dy,)
VI(sz—Kz)
.(e—(Kz(ts—tz)-i-sz(T—ts)) _ e—sz(T—tz))
K2 (Q, pe” **1'24D,,)
+ Vi(Kep—aKs)

,(e—(aK2(t3—t2)+K1p(T—t3)) _ e_K"P(T_t?))
+K3((6,f,h€7K1t2+Df2)€7K2(t37t2>+Df3)
VI(szfKS)
.(e—K?,(T—tg) _ e—sz(T—t?,))

aKs ((@S’he*‘ﬂ(lw +DSQ)€7QK2<t37t2)+DS3)
Vi(Kzp—aK3s)
.(efaKg(Tftg) _ elevp(Tftg)).
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In the sequel it will be useful also to compute the free
evolutions (i.e. X (to) # 0, u(t) = 0), denoted by Qj,
I°. Consider to € Ty = [0,T). Then, for h > 0:

s)

@(},he_Kl(t_hT)v te Th,17
Q}(t) =1 @y e [FrtaKalt—ta=hT)], LE Tha,
637}7(67[K1t2+K2(t37t2)+K3(t7t37hT)]7 t c Th737
(24)
Qg,hefaKl(tihT), t€Thn,
2(0)=1 @, peelkstarKali—ta=hT)], tE Ta,
Qghe—a[Kltz-‘er(t3—t2)+K3(t—t3—hT)]’ t e Th,37
(25)
with:
Qg (to)e Krlt=to), t € [to, t2),
B Qe kel e,
0<to<ty |Qfte)e Kilta—to)+Ka(ta= tz)-i—Kg(t t3)]
teTys,
(26)
Q?’(t) _ Qf( ) —Kz(t—to) te [t07t3)7
ta <to <ty |Qy(to)eFaltam to)+ K1~ W e Tps,
(27)
Q%(t) = QY(t)e M=)y <t <t<T, (28)
Qs(to)eiaKl(tito), te [to,tg),
QUL ) Qs(tg)emelFrlzmto)tiali=t)l - e Ty o,
0<1ty< t2_ Qs(to)efa[Kl(tzfto)+K2(t37t2)+K3(t7t3)]
te T073,
(29)
Q(s)(t) _ Qs(to)e_akz(t_to), t e [to,t3),
ty Sty <tz |Qu(tg)e Maltamto)t Kalt=ta)l - € Ty g,
(30)
Q2(t) = QU(t)e *Halt=to), ts3 <to<t<T, (31)

and Qf h= QO (hT), Qs n = Q%(hT) obeying the following

recursive equatlons

Qppis = @(j) e Kt Koty —ta)+ K (T—3)]
b 9 2 32
Q. h41 = Qo pe ettt Ka(ls—t2) +Ks(T—to)], o

with @, and Q. , coming from (26-28), (29-31), respec-
tively.

As far as the free evolution of the plasma insulin con-
centration is concerned, it is formally achieved according
to the following convolution integral:

I9(t) = I9(tg) e~ Ken(t=to)

Jr%/t.o (Kpr (1)QY(T) + Kps(1)Q0(r)) e Ker =T,
(33)



IV. VARIABLE STRUCTURE MODEL: ANALYSIS

According to the previous section, the following propo-
sitions are true.

Proposition 1 Solutions of system (9) exist and are
unique for any choice of the initial conditions.

Proof: Existence and uniqueness come from the linear
feature of the differential system. From a computational
point of view, the explicit solutions readily come from the
triangular form of matrices A;, eq. (11), and have been
reported in (13-16), (18-23) (the impulsive response) and
in (24-33), (the free evolution). [ |

Proposition 2 The impulsive and free evolutions of sys-
tem (1) are positive bounded for any choice of positive

initial conditions. Moreover:
QY (t) < Q%(to), QY(t) < Q¥(to), (34)
e (@(to) + Q2(10)) K
10 < 1) + —pr—oe—  (389)
where:

Km:miH{Kl,KQ,Kg}, KM:IIlaX{Kl,KQ,Kg}.
(36)
Proof: According to the explicit solutions, the impul-
sive and free evolutions are positive bounded because they
are given by sums of decreasing exponentials with positive
coefficients. Now consider the free evolution of the first
component of Q%, given by (24), (26-28). It consists of an
exponential function, whose decaying rate switches among
the three values assumed by K;, so that it is bounded by

the following exponential:
QY (1) < Qj(tg)e™ 10,
with K, as in (36). Analogously for QY, from (25), (29-31):

QUt) < QUto)e Fom=t0),

(37)

(38)
As far as the free evolution of the insulinemia is concerned,
eq. (33), according to (37), (38):
0 0 e~ Kapt
Io(t) < Io(to)e_sz(t—to) + (Qf(t")"'Qs(f/fl’))KM ’
.e@Kmto ft e(Kop—aKm)T
to

0 K (tte) o+ (@) +QO(t0)) e~ e
= I°(tg)e Herlizto) 4 Vi(Kop—ako)
.eaKmto (e(sz—aKm)t _ e(sz—aKm)to)

QY (to)+Q2(to)) Ke ™ *Km'o
VilKap—0Km]
70{Km(t7t0) o elevp(tfto) ‘

— Io(to)e—sz(t—to) + (
. ‘e

Ky (t— Q% (t0)+Q2(t0))Kn R, (t—
SIo(to)e Klp(t t0)+( (/Ilof(zp_a;(n?l lwe Km(t tO)

< <I°(t0) + (Qf}(to)+Q2(to))KM> e~ Km(t=to)

VIlep_aKml

_ (39)

with K, = min{aKm,Kwp} and Ky as in (36). |

Proposition 3 The impulsive response converges to a pe-
riodic bounded evolution.
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Proof: Existence of asymptotic solutions is ensured from
the free evolutions, which are bounded by decreasing ex-
ponentials according to (37-39), so that they exponentially
decay to zero. Below the asymptotic solutions are com-
puted. From the impulsive responses of @, Qs, eq.s (13),
(15) and (14), (16) respectively, it comes that Q;,,, @,
obey the following recursive equations:

@f,h+1 = ﬂf@f,h + s Qs,h—H = ﬂs@s,h +7s,  (40)
with:
- — o~ (Kita+Ka(tz—t2)+K3(T—t3))
—e <1,
’ Dty s (@D
vy = Df1 + (Df2€ 2tz —t2 +Df3)e 3 8/,
and

B, = e~ (Kitat Ka(ts—t2) + K3(T~ts)) 1

42
Yo = Ds1 + <D32€7QK2(t37t2) + Ds?’)e*O{I(g,('I‘ft?’)7 ( )

so that the asymptotic solutions Q foo = hlim Q #n and
—00

Q.o = hlim Q. ;, exist and satisfy the equations:
: s

43
~ ~ ~ s
Q&oo = /8st7()0 + 'Ys = Q&oo = 1 o 5 .

Substituting @f’oo, Q.00 in (13) and (14), respectively, the
asymptotic periodic evolutions are obtained.

As far as the insulin concentration is concerned, the
asymptotic solution I, = hlim I, of (22) satisfies the equa-
=00

tion:

Too=Te Kol 4 = [ ="

T fmr ()

with 7o, = hlim 7, obtained from (23) by replacing Qf_’h,

Q&h with pro, QSW, respectively. Then, the asymptotic
evolutions I7°, IS°, IS°, are achieved from (18-20), by re-
placing Ip,, Qf_’h, @S’h with oo, Qf_’oo, QS_’OO, respectively.
|
Proposition 4 There is a unique equilibrium point at the
origin: Xy = (0 0 0)".
Proof: 1t is the unique solution to the problem:

Vi > to. (45)

|
Lemma 5 The equilibrium point X, = (0 0 0)" is
globally uniformly asymptotically stable.
Proof: Let X° denote the free evolution of X. In order
to show uniform stability, it has to be proven that:

Ve >0, 36 =6(e) :

A X =0,

X0l <6 = [X°(W) <e
(46)
Vt > tg, with 6 independent of ty. Recall that, according

to Proposition 2:
QF(1)] < 1QF(to)] < IX°(to)ll;

Q)] < 1Q%(t0)] < IX° (ko)
[1°(t)] < [CTXO(to)| < [[C]] - [|IX°(to) |

(47)

)



with:

_ Ky
‘/I|pr - aKm|

Kwu

CT
‘/I|pr - aKm|

1. (48)

Let € > 0. Then:

X < 1QFOIHQDI+I° )] < (2 + IICI)IXO(&()L)LQ-)

By choosing:
€

S 2+Cl

the uniform stability is proven. The equilibrium point is
also globally asymptotically stable, in that the free evolu-
tion of each component is bounded by decreasing exponen-
tials for any choice of X(to) € IR3. |

Proposition 6 Solutions of system (9) are continuous
w.r.t. any admissible initial condition.

Proof: Denote ®(t,to) the state transition matrix of X,
ie.

§ (50)

Xo(t) = w(tvt()vXa) = (I)(t/ tO)Xav Xo(to) = Xa'
(51)

Then, according to Lemma 5, asymptotic stability for the

linear system (9) implies also exponential stability that

means [5]:

IMA>0: || (L, to)|| < Me 200 e >t (52)

Continuity w.r.t. any admissible initial condition means

that:

AN >0 el te, Xa) — @(- 0, Xp)ll2 < N[ Xa — Xol],
(53)
for any pair of positive initial conditions (X,, Xp). The left-
hand side of (53) is a suitably defined functional norm. The
proof is achieved by using the L, norm on a the infinite-

horizon interval [tg, +00), that means:

+oo
Hcp(-,to,Xo)H%:/ (7,0, Xo)|dr. (54)

to
From (51) and (52):
Hw('vtOvXa) - (p(7t07Xb)Hg
00
< [ e to) P X, ~ XolPdr
Jto
oo M2 X, — X2

<M= Xl [P ,
i 2\

(55)
so that condition (53) is obtained with N = M/v2XA. R

V. HARMONIC PERIODIC MODEL

The case of K,/(t) time-varying according to an har-
monic function is investigated in this section. All the as-
sumptions of Section 1 remain unchanged. By setting the
highest value of K,; (named Kjs > 0) at time 16h, the
lowest (K, > 0) is then fixed at time 4h, so that:

{Sm (27(t +14)

Ky — Ky,
Kp (t) = D)

= ) - 1] + K, (56)
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According to (56), the system equations (1) may be written
as the following linear, time-varying, periodic system:

X(t) = A()X (t) + Bu(t),  A{t+T)=A(t), (57)
with:
— K4 (t) 0 0 10
A(t) = 0 —aK,(t) 0 |.B=l0 1],
Kpp(t)/Vi aKpp(t)/Vi  —Kup 0 0
(58)

and u = (uy us)T with ws(t), us(t) as in (5). Without
loss of generality, the impulsive solutions are achieved for
to =11 =0.

The impulsive response of s is given by the convolution
integral of the state transition matrix ®,(¢,7) with the
input uy(t):

ot co 3
Qs(t) = / Dp(t. 7)Y > Dy b(r —t; — hT)dr
: h=0 =1
4] (59)
=Y > Dp®(t,t; +hT)6_y(t —t; — hT),
h=0 i=1

o

o

and:

By(t,7) = ¢ Ko 0

_ [(KM+2Km>9 _ (K ;{m)T COS( 27r<9T+14> )] i

=€

_ Kyt KEm)(t—1)
2

+ (KM;fm)T [

27r(t;14)) zw(q—;m))].

cos ( —COSs (

=e y

(60)

(the symbol é_1(-) denotes the unitary step function).
Analogously for Qs(t), so that, according to (2):

L#] 3
Qs(t) =D > Dy ®(t,t; + hT)6_1(t —t; — hT), (61)

h=0 i=1

with:

— [ K, (0)do o
B, (t,7) = ¢ J- Knr @ _gay oy (62)

Differently from the variable structure model, the plasma
insulin concentration does not allow a closed loop form, al-
though it can be readily computed according to (17), where
K, is now given by the harmonic function (56).

As far as the free evolutions are concerned:

QY (t) = s (t,t0) Q% (to), QU(t) = ®F(t.10)Q%(to),
(63)
while 7°(¢) has to be computed according to (33).

VI. HARMONIC PERIODIC MODEL: ANALYSIS

According to the linear feature of the differential sys-
tem (1), existence and uniqueness of the solutions are en-
sured. Impulsive and free solutions are positive bounded
for any positive initial conditions, in that they are sums
of decreasing exponentials with positive coefficients, from
which also comes the existence of a periodic asymptotic
evolution. Moreover, the following propositions are true:



Proposition 7 The free evolutions of each component are
bounded, with:

QY (t) < MQ%(to), Q%t) < M2Q%(t),

(MQO(to)'FMan(to))KM (64)
Io(t) S <Io(t0) + VIf‘Kwpfa KM;er > )
and R
M=e¢ "z (65)

Proof: The boundedness of Q(} readily comes by consid-
ering the explicit solutions (63) and the boundedness of the
state transition matrix (60):

K+ Em) (E—tg)
2

B,(t,10) < Me (66)
with M as in (65). Analogously for Q9(¢):
QU(t) < MOQ0(tg)e™ = (67)

As far as the insulinemia is concerned, following the same
steps of the proof of Proposition 2, it comes that:

<MQ%M+AWQﬂmﬂﬂﬁfmmmm,

e

Io(t)<<lo(to)+

(68)

with: X X
Kmin = min {a%,f(w} . (69)
|

Lemma 8 The origin is the unique, globally, uniformly
asymptotically stable equilibrium point.

Proof: The proof comes by using Proposition 4 and the
same steps of Lemma 5. |

Proposition 9 Solutions of the harmonic periodic model
are continuous w.r.t. any admissible initial condition.

Proof: The proof comes by using the same steps of
Proposition 6. ]

VII. MODEL IDENTIFIABILITY

This section investigates the identifiability of the mod-
els presented, w.r.t. the set of unknown parameters, de-
noted in the sequel by the vector # € IR™. Denote by
y(t) = h(t, to, Xo,u,0) the measured output of a generic
ODE system of the type:

X(t) = f(t,X(t),u(t),G), X(tO) = Xo. (70)
In the sequel h(:,tg, Xo,u,0) will denote an element of
a suitably defined Ls-space, constituted of Lebesgue-
measurable, square integrable functions on the interval
[to, T'), with T possibly equal to +o00. Then, local identifia-
bility in a point 6 requires the existence of a neighborhood
Iy such that:

(-, to, Xo,u,0") —h(-, to, Xo,u,0")||a>0 VO #0" € Ip,

(71)
for a non-empty set of triples (tg, Xo,u). Note that such
a condition does not depend on the approach followed in
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order to estimate 6. In case of Iy = IR™, then we have
global identifiability.

As far as the switching model is concerned, it consists
of a variable structure model, switching among three lin-
ear time-invariant working modes, each depending of a 4-
dimensional parameter vector 6; = (Ki a Vi Kwp)T.
That means, a sufficient condition for the identifiability is
that each of the three linear modes be identifiable w.r.t. 6;.
Such an issue is performed for the initial condition Xg = 0,
according to the following theorem:

Theorem 10 Consider a linear system with multiple in-
puts of the type:

with 8 € IR™ a vector of unknown parameters and y
the measured output. Define R;(#) the following vectors
(Markov coefficients vectors):

C(6)B;(0)
ro-| COAOBO |

0(9)142”*:1 (0)B;(0)

Assume that the entries of each R;(#) are differentiable
w.r.t. § € © C IR™, with continuous derivative. Then 6 is
locally identifiable in O, if the Jacobian

Ry(0
g [FO "
g df

Ry

has rank m for 6 € O.

Theorem 11 Each working mode of the switching param-
eter model is globally identifiable.

Proof: Recall that By = [1 0 0", B,=[0 1 0]" and
the measurements are given by the plasma insulin concen-
tration, so that C = [0 0 1], with CB; =0, i = 1,2. The
theorem is proven by showing that the following vector

CA(0)B,
CA2(0)B,
CA(0)Bs
CA2(0)Bs

V(9) = (75)

obtained by selecting 4 rows of matrix R(6), has a full rank
Jacobian matrix, named Jy (6). After standard computa-
tions, Jy (6) is given by:

1 _K;
Vi 0 V2 0
2Ki+KLp O Ki(K1+K1P) 7Ki
1% VF Vr
o K _ ok,
Vi Vi % 0
_a2aKi+Kep)  Ki(2aKi+Kip)  ali(aKi+K.p) oK
Vi Vi 7 Vi
(76)

According to the fact that each parameter is strictly posi-
tive, the rank of the Jacobian Jy (6) is equivalent to the



rank of the following matrix, obtained after rows and
columns manipulations:

1 0 0 0
0 0 K; 1

rank(.Jy (6)) = rank a1l 0 ol (77)
0 0 o’K; «

whose determinant is —aK;(1 — a) # 0, for all « € (0,1).
|
As far as the identifiability of the harmonic periodic
model is concerned, below is reported a general test in
order to check local identifiability. Consider a sequence
of discrete measurements, sampled at times jA, starting
from to = 0:
y(FA) = h(§A,0, Xo,u,0), j=0,...,N, (78)
shortly denoted in the sequel by h(jA, ). The local iden-
tifiability condition (71) is fulfilled for a given 6 if the fol-
lowing equations:

F;(0) = h(jA,0) — h(jA,0) = 0, (79)

admit only the trivial solution § = 6 for all j = 0,..., N

and 6 in a sufficiently small neighborhood of #. That
means, by naming:

7(0,6)

h(A,0)

h(NA,0)

a test for the local identifiability of 6 is to check if the

Jacobian Vg Hy (0) is a full column rank matrix.

VIII. CONCLUSIONS

A pair of ODE models describing the plasma insulin ab-
sorption from a sc injection in IDDM patients has been
proposed. The novelty of the paper relies on the fact that
both the models take into account that different absorp-
tion rates are associated with different times of a 24 hour
time period, so providing time-varying periodic systems.
A complete analysis concerning existence and uniqueness,
positive boundedness, stability and continuity of the solu-
tions has been reported. Moreover, global identifiability
has been proven for the switching model, while a rank con-
dition is given to check local identifiability of the other.
Further modeling developments concern the consideration
of delays in the absorption of insulin from the sc injections
to the plasma circulation.
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