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(57) Abstract: An augmented, adaptive algorithm
utilizing model predictive control (MPC) is
developed for closed-loop glucose control in type
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OPERATE DELIVERY DEVICE TO DELIVER DOSES OF INSULIN AND
GLUCAGON TO A SUBCUTANEQUS SPACE OF THE SUBJECT IN
RESPONSE TO INSULIN AND GLUCAGON DOSE CONTROL SIGNALS

model is used with an MPC algorithm to regulate
blood glucose online, where the subject model
is recursively adapted, and the control signal for
delivery of insulin and a counter-regulatory agent
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such as glucagon is based solely on online glucose
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GENERATE THE INSULIN AND GLUCAGON DOSE CONTROL SIGNALS AS

A FUNCTION OF THE WEIGHT OF THE SUBJECT AND TIME-VARYING

GLUCOSE LEVELS OF THE SUBJECT AS REPRESENTED BY THE ACTUAL
GLUCOSE LEVEL SIGNAL OVER TIME, EMPLOYING AN ADAPTIVE MODEL-

PREDICTIVE CONTROL ALGORITHM INCLUDING:

UTILIZE SUBJECT MODEL TO EXPLICITLY MODEL RESPONSE OF
THE SUBJECT TO DELIVERED DOSES OF INSULIN AND
GLUCAGON AND THEREBY GENERATE, BASED ON TIME-
VARYING VALUES OF THE ACTUAL GLUCOSE LEVEL SIGNAL AND
THE INSULIN AND GLUCAGON DOSE CONTROL SIGNALS, A
PREDICTED GLUCOSE LEVEL SIGNAL REPRESENTING A
PREDICTED GLUCOSE LEVEL OF THE SUBJECT

v

GENERATE THE INSULIN AND GLUCAGON DOSE CONTROL
SIGNALS BASED ON (A) A DIFFERENCE BETWEEN THE
PREDICTED GLUCOSE LEVEL SIGNAL AND A SETPOINT SIGNAL
REPRESENTING DESIRED FUTURE LEVELS OF THE GLUCOSE
LEVEL OF THE SUBJECT, AND (B) ACCUMULATION OF INSULIN IN
THE SUBCUTANEOUS SPACE OF THE SUBJECT

concentration measurements. The MPC signal is
synthesized by optimizing an augmented objective
function that minimizes insulin accumulation
in the subcutaneous depot and control signal
aggressiveness, while simultaneously regulating
glucose concentration to a preset reference set
point. The mathematical formulation governing the
subcutaneous accumulation of administered insulin
is derived based on nominal temporal values
pertaining to the pharmacokinetics (time-course
of activity) of insulin in human, in terms of
its absorption rate, peak absorption time, and
overall time of action. The MPC algorithm is
also formulated to provide control action with an
integral effect, and in essence minimizes overall
drug consumption. When employed as a modulator
in an automated integrated glucose-control system
for type 1 diabetes, the control algorithm provides
the system with self-learning capability that
enables it to operate under unrestricted activity of
the subject.
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FULLY AUTOMATED CONTROL SYSTEM FOR TYPE 1 DIABETES

BACKGROUND

Type 1 diabetes is a chronic, life-threatening disease that is caused by failure of the
pancreas to deliver the hormone insulin, which is otherwise made and secreted by the beta
cells of the pancreatic islets of Langerhans. Insulin opens receptors on the cell surfaces,
thereby regulating inflow of blood glucose, an essential cell nutrient. With the resulting
absence of endogenous insulin, people with type 1 diabetes cannot regulate their blood
glucose to euglycemic range without exogenous insulin administration. However, it is
critical to provide accurate insulin dosing, so as to minimize and whenever possible
eliminate low or high blood glucose levels. Both high glucose levels, known as
hyperglycemia, and low glucose levels, known as hypoglycemia, can have debilitating and
deleterious consequences. Hypoglycemia may result in a coma and can cause acute
complications, including brain damage and paralysis. While severe hyperglycemia can also
result in a coma, mild chronic hyperglycemia potentially results in long-term, deleterious,
and even life-threatening complications, such as vascular disease, renal complications,
vision problems, nerve degeneration, and skin disorders.

In practice, it has been necessary for people with type 1 diabetes to monitor their
blood glucose and administer exogenous insulin several times a day in a relentless effort to
maintain their blood glucose near euglycemic range. This is a demanding, painstaking
regimen. Even those who successfully adhere to the regimen are burdened by it to varying
degrees and often still struggle with maintaining good glycemic control. Those who do not

follow a regimen are at risk for severe complications.

SUMMARY
It would be desirable to reduce the burdens associated with monitoring blood
glucose levels and administering exogenous insulin, as well as to better regulate blood
glucose levels of those with type 1 diabetes and avoid the complications of hyper- and
hypoglycemic conditions. A disclosed closed-loop control system automatically commands
delivery of insulin based on glucose measurements. Since slight overdosing of insulin is

possible during online operation of such a system, an agent having a counter-regulatory
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effect to insulin action, such as a hormone known as glucagon, is also made available for
delivery by the system.

In a disclosed automated control system for type 1 diabetes, an adaptive algorithm
utilizing model predictive control (MPC) is employed. An input-output subject model is
used in conjunction with the MPC algorithm to regulate blood glucose online, where the
subject model is recursively adapted, and the delivery of insulin is based solely on online
glucose concentration measurements. An MPC signal is synthesized by optimizing an
objective function that regulates glucose concentration to a preset reference set point while
simultaneously minimizing both the control signal aggressiveness and local insulin
accumulation in the subcutaneous space or "depot" that receives the infused insulin. A
mathematical formulation describing the subcutaneous accumulation of administered insulin
is derived based on nominal temporal values pertaining to the pharmacokinetics (time-
course of activity) of insulin in human, in terms of its absorption rate, peak absorption time,
and overall time of action. The MPC algorithm also provides control action with an integral
effect, and in essence minimizes overall drug consumption. The control algorithm provides
the automated glucose-control system with self-learning capability that enables it to operate
under unrestricted activity of the subject.

The subject model may be an empirical subject model, which may initially be
constructed based on a system identification process performed on input-output data
obtained from open-loop glycemic control of the subject. The controller may be further
operative to generate the insulin control signal to provide a basal rate of delivery of insulin
when the model-predictive control algorithm reveals no need for a corrective dose of

insulin.

BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing and other objects, features and advantages of the invention will be
apparent from the following description of particular embodiments of the invention, as
illustrated in the accompanying drawings in which like reference characters refer to the
same parts throughout the different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles of the invention.
Figure 1 is a block diagram of a fully automated control system for type 1 diabetes in

accordance with the present invention;
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Figure 2 is a functional block diagram of a controller in the system of Figure 1;

Figure 3 is a flow diagram depicting the operation of the system of Figure 1,
including details of the operation of the controller of Figure 2; and

Figure 4 is a flow diagram depicting a particular implementation of a control step of

Figure 3.

DETAILED DESCRIPTION

Figure 1 illustrates an automated control system 10 for regulating the blood glucose
level of an animal subject (subject) 12, which may be a human. The subject 12 receives
doses of insulin from a delivery device 14, which may be an infusion pump coupled by a
catheter to a subcutaneous space of the subject 12 for example. As described below, the
delivery device 14 may also deliver a counter-regulatory agent such as glucagon for more
effective control of blood glucose level under certain circumstances. In the present
description, reference is made to glucagon specifically, but it is to be understood that this is
for convenience only and that other counter-regulatory agents may be used. For the delivery
of both insulin and glucagon, the delivery device 14 is preferably a mechanically driven
infusion mechanism having dual cartridges for insulin and glucagon respectively

A glucose sensor 16 is operatively coupled to the subject 12 to continually sample a
glucose level of the subject 12. Sensing may be accomplished in a variety of ways. A
controller 18 controls operation of the delivery device 14 as a function of a glucose level
signal from the glucose sensor 16 and subject to user-provided parameters. One feature of
the disclosed technique is its ability to perform without receiving explicit information
regarding either meals that the subject 12 has ingested or any other "feedforward"
information. One necessary user-provided initialization parameter is the weight of the
subject 12. Another user-provided parameter is a "setpoint" which, as described below,
establishes a target blood glucose level that the system 10 strives to maintain.

Figure 2 shows a functional block diagram of the controller 18, specifically a high-
level depiction of a control algorithm that is executed by software/firmware within the
controller 18. As shown, a dose control signal u(t) is generated by an objective function
optimizer 20 which receives as one input a setpoint signal r(t+k), which may be constant
(independent of time). The dose control signal u(t) controls the operation of the insulin-

glucagon delivery device (delivery device) 14 of Figure 1. The input dose control signal u(t)

-3-
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is also provided to a subject model 22 which, as described in more detail below, explicitly
models the response of the subject 12 to delivery of insulin and/or glucagon. The subject
model 22 also receives an actual glucose level signal y(t) from sensor 16, and generates a
predicted future glucose level signal §(t+k]t) that is used in the operation of the objective
function optimizer 18.

During operation, the dose control signal u(t) and actual glucose level signal y(t) are
continually fed into the subject model 22, thereby internally updating the subject model 22
and generating updated output predictions y(t+k|t). By comparison with desired future
reference setpoint values r(t+k), the objective function optimizer 20 computes future error
signals which are used to synthesize the dose control signal u(t) in an optimizing fashion
based on a model predictive control (MPC) algorithm. An amount of insulin or glucagon
corresponding to the input signal u(t) is physically administered to the subject 12 via the
delivery device 14 and is also passed to the subject model 22. The glucose sensor 16
provides the latest measurement y(t) to complete the cycle, which is then executed anew.

The function of the subject model 22 is to predict future blood glucose levels based

on current and past values of the signals u(t) and y(t). There are a variety of models that can

be employed. The following describes one particular embodiment for the subject model.

An option for the subject model is one of an empirical form, which may be obtained by system identification
performed on input-oufput data generated from open-loop glycemic control of the subject. The subject model could
be of a single-Tnput single-output, anto-regressive moving average with exogenous input (ARMAX) structure, with
the representation

AN =273 Blz D u + Clz ) wy, {1

where 4; denotes the {input) insulin-glucagon doses, y: denotes the (output) glucose coneentration deviation from
the reference set pofut, uy is a white Gaussian noise saquence, 4 Is the inherent system time-delay (dead-time), 2~
plays the role of the unit delay shift operator, and the scalar polynomials 4, B, € are given by

AET) = Ider M e it a2,
B(Z“I) = b&'i‘bu"f_l +bg£"2+...+f)mz"“,
CE) = 1+eaz'ter?tater™,
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The mwdel’s orders and delay may he determined beforehand from the offline system identification analysis. The
identified roodel is then employed in the online integrated control system, oxcept that the model parametors ave
not statically stipulated, but are dynamic (free}, in the sense that they are recursively updated. Recursive (online)
parameter estimation of & model such as (1) may be facilitated by re-writing the nodel in regressor form, namely as

v = 67 s+, @
where the the regressor ¥, and 0 are respectively given by

th = [“?Itd-n =Yt op U oW dom W LW -z)]'r
0 = @t byob epoeep ). (3)

‘With online parameter estimates packed in a thme-varying version of vector 0, namely 0y, and the estimate w; =
el » . 03 » . & H

e~ 197 Op used in 1y, one popular recursive estimation scheme is the Extended Least Squares [13, 14], which follows

the scheme

pi.~1‘?r"’t X
By =By ——— ¢ 4
f &1|1i1’3'z"t-11@"n” )
y) bl P
Py Py~ Loy ety P (5)

14 Pyt

where ¢ i= 3 — 7 Op.1, and Fp is taken to be a positive definite matrix. Another option for recursive parameter
estimation is the Recursive Maximum Likelihood estimation method, which is gimilar to the Extended Least Squares,
except that @, = 9,/ 0z~ 1) is used in lieu of ¢, [14]. Other recursive {online) parameter-estimation schiemes may also
be used, such as the Instrumental Variable method, the Gradient estimation method, or alternate versions of these
cstimators that use a forgetiing factor, to mention but a few options known to those skilled in the art [14]. Regardless
of the scheme used, the adaptive subject model can be used to make online predietions of glucose concentrations and
can be inherently employed by the controller block in generating the control signal.
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The tunction of the objective tunction optimizer 20 is to generate the insulin and
glucagon control signals u(t) in an optimized fashion based in part on the predicted blood
glucose levels §(t+k|t) from the subject model 22. There are a variety of optimization
techniques that can be used. The following describes one particular embodiment of the
objective function optimizer 20, which is also referred to as the "controller block" in the
following description. The embodiment described below uses a model-predictive control
(MPC) strategy.

The controller block may use one or more of the many MPG strategies, which all (1) make use of a mathematical
maodel to predict the output at future time instants (horizon), (2) compute the control signel that optimizes an
objective lunction at each step, and (3) emaploy a receding horizon strategy [5, 8. The latter aspect refers to
repeatedly displacing the prediction horizon towards the future, while only applying the firsé control signal in the
caleulated sequence at each step.

One popular MPC algorithm, compatible with an ARMAX subject model, is the Generalized Predictive Control
(GPC) algorithm, which optimizes the mutli-stage quadratic cost fumetion given by

N\n. 7\"(1
Joro = Y S |IC err = vl -+ D M (Duegar)?, (6)
K Ny L)

where Ny and N, are respectively the minimum and maximum (output) prediction costing horizon limits, N, the
contral horizon bound, 4§, the weighting on prediction error, and A, the weighting on control signals. Some general
guidelines in GPC implementation include (1) Ny 2> d, since earlier outputs are not influenced by the current input
signal, (2) the output horizon, Ny, == N, — Ny, covering a substantial portion of the response rise time due to «(¢}t),
and {3} Ny > Ny, with N, = 0 or square horizons, i.e Ny = N, popularly enforced.

For control action with integral effect, predictor and control design are based on
Az g = 27F Bz w + Gl /A, (7

with the corresponding Diophantine separation identity given hy

S
an =Bt An (8)
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where Fj is the remainder polynomial corresponding to the monie quotient polynomial Ey, the former and laiter of
respective orders 2 and k=1 i 2™, or specifically, #y = fo+J1 27t fp 27" and £y = 1+-e; T ey 21,
The best. predictar §ye—, is then defined to satisfy

Yo = itk + Epwr 9)
which yields
Chrpie = Gr Dutyp-d + Frye, (10)
where G, := EB. Note that ¢, is order (m-+k-1) in 2~1, and can be written as Gy =go-tg1 27 o Fgmep ot 27 (rh-b1),
with gg = by, since By, is monic ¥&. To imploment the GPC aglorithm, we re-write (10) as
o bod
Cheqngt = z @ 2 A v (G — Z-’" 2T Avggged + Py, (11)
e R

where the first term on the right-hand side contains the only k—d future-terms (containing the sought control signal)
for any k. Taking Ng==d and N+ 1= N,+1=:N, i.e. square prediction and control horizons of N steps, we apply
(11) over k==d—s (N, + d), and pack term contributions in the matrix-form equation given by

y=GutGutFy, (12)
where
C :t) i) & g0 0 [ . . A t
Chrrasile g g0 0 . . . Aupgg
y =3 ‘ G ke ) W == '
. . . . 0 .
Chantd-1t | axt gN-1 GN-2 - -« 80 xn FARTIES VN
il it
(Ge— E,ing g2 Ay £y
(Gar1 = Pimo 96277 ) Artegy Fu
G'u= ; Foe= ’
e Nl A P .
AN gl — Zi:'U gi 2 Wt Nl prsey Nebdel | araed

The last two quantities in (12) are available at time 1, as they ave either directly measurable or depend only on past
measurements, and can be grouped into a vector f, Jeading {0

y=Gu+f, (13)
With &y = 1 and Ay, = A, (6) can be re-wribten as
Jopo = (G -+ F =T (G + F—7)+ 2T, (14)

where » is the veetor holding future set points as r = |{Crig Criquys o € Ti-]—N»M—}]T‘ Farther manipulation of
(14) leads to
Joso = s uT Hu+b"u+ fy, (15)

where "
H=2GTG+); b =2f -7  fo=(f~-mT(f~r).

The unconstrained vector w minimizing Jepo can be found by inspection of (18}, and is given by
Ugee = —H "0 =(GTG+AN'G" (v~ f). (16)
Since GTG > 0, (16) gives a umique solution, provided A > 0. Only the first control move is of interest at ¢, namely

Awg=[100 ... 01(GTG -+ \D'GT(r ~ f). ’ {an
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The control increment or move in (17) is thus zero if the current situation and desired outeome coincide, that is if

~ f = 0, as it should. Finally, to deal with non-square horizons, which would only be permissible for N, < V¥, &
is veplaced G pn., where Gy is compaosed of the first Ny+1 colummns of G, and u is replaced by wp,, which contains
the first N, +1 elements of @, with everything else kept the same. Note that the Generalized Minimum Variance
(GMV) control, with Ny = N, = N — 1 =0, is a special instance of GPC with square horizons.

In the case of subentaneous drug administration, drug accumulation in the subcutaneons depot (typically that of
insulin) can be augrnented Lo the raw control cost function of (6), and viewed as an additional control ebjective in the
optimization process. The resultant online control signal simultanecusly (1) optmizes the controller’s aggressiveness,
(2) minimizes insulin aceunulation in the subeutaneous depot, and (3) regnlates glucose concentration to a preset set
point target value, The mathematical fornulation governing the subeutaneous accurnulation of administered insulin
can be derived based on nominal temporal values pertaining to its pharmacokineties (time-course of activity), in
terms of its absorption rate, peak absorption time, and overall time of action (perfusion into plasmna). If p(t) is the
concentration, in mU/dl, of the drug in plasma as it is absorbed from the subeutaneous depot, its evolution can be
taken to be governed by

plE) = K Ug (670 — g7, (18)

where Uy is the subeutansous-drug inpulse dose in units (U), and K, vy, and o are positive constants. A measure
of the pending e cﬂ'ect of the accumulated amount of insulin in the SC depot can be taken to be the difference between
the total area, ( _] t) dé, i.e. a measure of the total action over time due to dose Up) and fol () dt, i.e. & measure
of the expended por lmn of Iy, With the measure of the lingering effect of the outstanding quantity of insulin in the
SC depot denoted by g(#), we arrive al

o ¢ KU
o) = f p(t)dt — f pit) di = 22 (0 61 — g ™), (19)

0 ¢ Gy Cey

As a discrete-time model, this can be written as
g = (0T pem Ty e (mtmily, += (&2 - o U,
(g 0”0 gy ¥ e Yy g

ey Cxy )

= =g Q1 — g -3 blq Yp—dd, +- b2q Ufpdy—~1; (20)

where Ty is the sampling period. Incidently, IV dosing may be perceived as bypassing the SC depot, i.e. for an IV
drug dose, () = 0 in (19) and q;, = 0 in (20), as if there were zero peak (e — 00) and zero depletion or consumption
times {ce; ~+ oo} from the SC depot into plasma, with coinciding values for a; and as. Before augmenting {20) to
the original discrete-time model of (1), whose inherent units are mg/dl, we non-dimensionalize (20} and re-secale it to
switch ibs inherent units from mU min/dl to mg/dl, so that control signal computation (optireization) is performed
on an overall homogenous {angmented) system. An overall scaling factor to operate on (20) can be obtained from
the steady-state effect of an impulse dose on blood glucose, taken to vary as per a scaled integration of {18). As
such, the scaling factor, sy == T;j@"&%ﬁ%ﬁl, in mrr/(mU rnm), where yo, is the steady- state excursion (offsot from

reference} in blood glucose per unit impulse dose [fy, can be used. The steady-state blood-glucese value, ¥, can
be approximated from the pharmacodynamics of msulin, which is available in the literatore. Augmenting the scaled
gi-system of (20) to the original yp-systern of (1}, we obtain the single-input multiple-outpat model given by

Az Ny =2 Bz Yug +C (a1)
where ¥, = [y &5 q5]7, wn is a vector of two white-noise sequences, and

Az = Dneo+ Agz 4 Agz L4 Agsh,
Bz = Bo+Biz '+ Bye ™4 .+ Bp ™™,
C(Z,—l) == I2n:2 =+ C'1 Z~1 -+ CB ‘3'_2 R Cp z“‘p}

with

- 122§ (L [t 5] 0 e a; 0 N .
w5 ) el 8] a8 v

1Scaling factor ¢ ¢ provides the proper nit conversion, but can be sealed further by & unitless factor.
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= bo — bo e b; .
By = [S!blq]’ By = [Sfb'lq}, B,wl: 0 il vix1,
. ¢ U -

where, for simplicity, the same system delay d of (1) can be sssumed between gx, and w. Coupling between the two
systems, via the same input signal, is relevant when solving for the optimal control signal (5], whereby matrix G is
merely extended to give an analogons matrix, G,, for the new system, the latter constructed as:

g0 0 1]
goq 0 0
9 w0
Hig Gog 0
G, = . . >
. . 0
gN-1 gN-2 P
| N1y IN-2¢ -« - - Tog Janxw

where the gi-entries pertain to the ge-system and are the analogues of the gi-oniries in the ye-system. Vector f is
also adjusted accordingly to yield an extended version, f,, which is twice in length. The GPC signal is again given
by (17), except that G, (or its fivst N, - 1 columns for non-square horizons) and f, are used in lion of G and f
respectively, in addition to using a trivielly extended version, v, for . The GMV coutrol is recovered by setting

The following describes the use of constraints on the control signals u(t):

Constraints on input-output signals may be enforced to limit them to allowable, possibly subjective, fields of action.
The output constraints are not usually explicitly contemplated, but rather implicitly enforced via optimizing the cost
function [5]. In general, the input constraints can be described by

Umin < < Umax
Atmin < Ay £ Aupmes.

Input constraints, such as minimum (basal) and maximum (bolus) doses, or their respective rate of change, may be
explicitly enforced, possibly by saturation or clipping. The input constraints may be left for the user to initialize,
but may at the same time be stipulated to be less than (and occasionally clipped or overridden by) a maximum
allowable value, possibly based on the subject’s weight.

Figure 3 illustrates the overall process by which the system 10 of Figure 1 operates.
In step 24, the glucose level of the subject 12 is continually sensed by the glucose sensor 16,
which generates a corresponding actual glucose level signal y(t). In step 26, the delivery
device 14 operates in response to the insulin/glucagon dose control signal u(t) to deliver
corresponding doses of insulin and glucagon to a subcutaneous space of the subject 12.

In step 28, the controller 18 generates the insulin/glucagon dose control signal u(t) as
a function of the weight of the subject 12, the setpoint r(t+k), and time-varying glucose
Ievels of the subject 12 as represented by the actual glucose level signal y(t) over time.
Specifically, the controller 18 employs a control algorithm including steps 30 and 32 as

shown.
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In step 30, a subject model 16 is utilized to explicitly model response o1 the subject
12 to delivered doses of insulin and glucagon and thereby generate, based on time-varying
values of the actual glucose level signal y(t) and the insulin/glucagon dose control signal
u(t), a predicted glucose level signal §(t+klt) representing a predicted glucose level of the
subject.

In step 32, the insulin and glucagon dose control signals u(t) are generated based on
(a) a difference between the predicted glucose level signal §(t+kit) and the setpoint signal
r(t+k) representing desired future levels of the glucose level of the subject 12, and (b) local
accumulation of insulin in the subcutaneous space of the subject 12. This latter value is
tracked according to the pharmacokinetics of insulin as described above.

Figure 4 illustrates a particular implementation of the general step 32 of Figure 3. In
particular, the illustrated embodiment utilizes an MPC control strategy as described above.
In step 34, the insulin/glucagon control signal u(t) is generated as optimizing an objective
function with objectives of (a) a weighted integration of a difference between the actual
glucose level signal y(t) and a predetermined setpoint value over a time horizon, and (b)a
weighted integration of the insulin/glucagon control signal u(t) over the time horizon.

In step 36, the model parameters of the subject model 22 are recursively and
continually updated to dynamically adapt the subject model 22 to variations in the response
of the subject 12 to the delivered doses of insulin and glucagon.

It will be appreciated that the present invention may be embodied as an overall
system such as shown in Figure 1, as an overall method, as a controller such as shown in
Figure 2, and as a method performed by a controller such as shown in Figure 4. With
respect to the method performed by a controller, the method may be performed by computer
program instructions executed by generic controller hardware including memory, a
processing or execution unit, and input/output circuitry. The instructions may be provided
to the controller from a computer-readable medium such as semiconductor memory,
magnetic memory (e.g. magnetic disk), optical memory (e.g. optical disk such as CD,
DVD), etc.

While this invention has been particularly shown and described with references to
preferred embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the spirit and

scope of the invention as defined by the appended claims.
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CLAIMS

What is claimed is:

1. A system for automatic control of blood glucose level of a subject, comprising:

a glucose sensor operative to continually sense a glucose level of the subject and
generate a corresponding actual glucose level signal;

a delivery device operative to deliver respective doses of insulin and a counter-
regulatory agent to a subcutaneous space of the subject in response to respective insulin and
counter-regulatory-agent dose control signals; and

a controller operative to generate the insulin and counter-regulatory-agent dose control
signals as a function of the weight of the subject and time-varying glucose levels of the subject
as represented by the actual glucose level signal over time, the controller employing a control
algorithm including:

(1) utilizing a subject model to explicitly model response of the subject to
delivered doses of insulin and counter-regulatory agent and thereby generate, based on
time-varying values of the actual glucose level signal and the insulin and counter-
regulatory-agent dose control signals, a predicted glucose level signal representing a
predicted glucose level of the subject; and

(2) generating the insulin and counter-regulatory-agent dose control signals
based on (a) a difference between the predicted glucose level signal and a setpoint
signal representing desired future levels of the glucose level of the subject, and (b) local

accumulation of subcutaneous insulin around the subject’s infusion site.

2. A system according to claim 1, wherein the controller employs a model-predictive control
algorithm by which the insulin and counter-regulatory-agent control signals are generated as
values optimizing an objective function with objectives of (a) a weighted integration of a
difference between the predicted glucose level signal and the setpoint signal over a time
horizon, and (b) a weighted integration of the insulin and counter-regulatory-agent control
signals over the time horizon.

3. A system according to claim 2, wherein the model-predictive control algorithm is an

adaptive model-predictive control algorithm which includes recursively and continually
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updating model parameters to dynamically adapt the subject model to variations in the response

of the subject to the delivered doses of insulin and counter-regulatory agent.

4. A system according to claim 1 wherein the objective function is augmented to also have an
objective of (c) minimizing the local accumulation of subcutaneous insulin around the infusion

site.

5. A system according to claim 1 wherein the subject model is an empirical subject model.

6. A system according to claim 5, wherein the empirical subject model is of a type initially
constructed based on a system identification process performed on input-output data obtained

from open-loop glycemic control of the subject.

7. A system according to claim 1 wherein the controller is further operative to generate the
insulin control signal to provide a basal rate of delivery of insulin when the model-predictive

control algorithm reveals no need for a corrective dose of insulin.

8. A system according to claim 7 wherein the basal rate is determined by a user-provided basal-

rate value.

9. A system according to claim 8 wherein the controller employs a default basal-rate value
based on the weight of the subject when the user-provided basal-rate value is either absent or

greater than a predetermined maximum allowable value.

10. A system according to claim 9 wherein the controller adapts the basal rate online based on
the actual glucose level signal over time and the insulin and counter-regulatory-agent dose

control signals.
11. A system according to claim 10 wherein the controller is operative to automatically impose

respective hard constraints on the insulin and counter-regulatory-agent control signals

corresponding to respective maximum allowable doses of insulin and counter-regulatory agent.
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12. A system according to claim 1 wherein the glucose sensor is integrated with the delivery

device.

13. A system according to claim 12 wherein the delivery device comprises a mechanically
driven infusion mechanism and dual cartridges for insulin and counter-regulatory agent

respectively.

14. A system according to claim 1, wherein the counter-regulatory agent comprises glucagon.

15. A method for automatic control of the blood glucose level of a subject, comprising:

continually sensing a glucose level of the subject and generating a corresponding actual
glucose level signal;

operating a delivery device to deliver respective doses of insulin and counter-regulatory
agent to a subcutaneous space of the subject in response to respective insulin and counter-
regulatory-agent dose control signals; and

generating the insulin and counter-regulatory-agent dose control signals as a function of
the weight of the subject and time-varying glucose levels of the subject as represented by the
actual glucose level signal over time, by a control algorithm including:

(1) utilizing a subject model to explicitly model response of the subject to
delivered doses of insulin and counter-regulatory agent and thereby generate, based on
time-varying values of the actual glucose level signal and the insulin and counter-
regulatory-agent dose control signals, a predicted glucose level signal representing a
predicted glucose level of the subject; and

(2) generating the insulin and counter-regulatory-agent dose control signals
based on (a) a difference between the predicted glucose level signal and a setpoint
signal representing desired future levels of the glucose level of the subject, and (b) local

accumulation of subcutaneous insulin around the subject’s infusion site.

16. A method according to claim 15, wherein the control algorithm includes a model-predictive
control algorithm by which the insulin and counter-regulatory-agent control signals are
generated as values optimizing an objective function with objectives of (a) a weighted

integration of a difference between the predicted glucose level signal and the setpoint signal
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over a time horizon, and (b) a weighted integration of the insulin and counter-regulatory-agent

control signals over the time horizon.

17. A method according to claim 16, wherein the model-predictive control algorithm is an
adaptive model-predictive control algorithm which includes recursively and continually
updating model parameters to dynamically adapt the subject model to variations in the response

of the subject to the delivered doses of insulin and counter-regulatory agent.

18. A method according to claim 17 wherein the objective function is augmented to also have
an objective of (c) minimizing the local accumulation of subcutaneous insulin around the

infusion site.

19. A method according to claim 15 wherein the subject model is an empirical subject model.

20. A method according to claim 19, wherein the empirical subject model is initially
constructed based on a system identification process performed on input-output data obtained

from open-loop glycemic control of the subject.

21. A method according to claim 15 further comprising generating the insulin control signal to
provide a basal rate of delivery of insulin when the model-predictive control algorithm reveals

no need for a corrective dose of insulin.

22. A method according to claim 21 wherein the basal rate is determined by a user-provided

basal-rate value.

23. A method according to claim 22 wherein a default basal-rate value based on the weight of
the subject is employed when the user-provided basal-rate value is either absent or greater than

a predetermined maximum allowable value.

24. A method according to claim 23 wherein the basal rate is adapted online based on the
actual glucose level signal over time and the insulin and counter-regulatory-agent dose control

signals.

-14 -



WO 2006/124716 PCT/US2006/018620

25. A method according to claim 24 further comprising automatically imposing respective hard
constraints on the insulin and counter-regulatory-agent control signals corresponding to

respective maximum allowable doses of insulin and counter-regulatory agent.

26. A method according to claim 15, wherein the counter-regulatory agent comprises glucagon.

27. A controller for use in a system for automatic control of blood glucose level of a subject,
the controller being operative to generate insulin and counter-regulatory-agent dose control
signals as a function of the weight of the subject and time-varying glucose levels of the subject
as represented by an actual glucose level signal over time, the actual glucose level signal being
generated by a glucose sensor operative to continually sense a glucose level of the subject, the
insulin and counter-regulatory-agent dose control signals controlling the delivery of respective
doses of insulin and counter-regulatory agent to a subcutaneous space of the subject by a
delivery device, the controller employing a control algorithm including:

(1) utilizing a subject model to explicitly model response of the subject to delivered
doses of insulin and counter-regulatory agent and thereby generate, based on time-varying
values of the actual glucose level signal and the insulin and counter-regulatory-agent dose
control signals, a predicted glucose level signal representing a predicted glucose level of the
subject; and

(2) generating the insulin and counter-regulatory-agent dose control signals based on (a)
a difference between the predicted glucose level signal and a setpoint signal representing
desired future levels of the glucose level of the subject, and (b) local accumulation of

subcutaneous insulin around the subject’s infusion site.

28. A computer program product including a computer-readable medium having computer
program instructions thereon, the computer program instructions being operative, when
executed by a controller in a system for automatic control of blood glucose level of a subject, to
cause the controller to execute a control algorithm by which insulin and counter-regulatory-
agent dose control signals are generated as a function of the weight of the subject and time-
varying glucose levels of the subject as represented by an actual glucose level signal over time,

the actual glucose level signal being generated by a glucose sensor operative to continually
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sense a glucose level of the subject, the insulin and counter-regulatory-agent dose control
signals controlling the delivery of respective doses of insulin and counter-regulatory agent to a
subcutaneous space of the subject by a delivery device, the control algorithm including:

(1) utilizing a subject model to explicitly model response of the subject to delivered
doses of insulin and counter-regulatory agent and thereby generate, based on time-varying
values of the actual glucose level signal and the insulin and counter-regulatory-agent dose
control signals, a predicted glucose level signal representing a predicted glucose level of the
subject; and

(2) generating the insulin and counter-regulatory-agent dose control signals based on (a)
a difference between the predicted glucose level signal and a setpoint signal representing
desired future levels of the glucose level of the subject, and (b) local accumulation of

subcutaneous insulin around the subject’s infusion site.
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