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Closed-loop insulin delivery in individuals with diabetes can potentially lead to
near-normal glucose profiles. To this end, existing subcutaneous glucose sensors
and external insulin pumps can be linked with an insulin delivery algorithm to
create a completely automated closed-loop system. This paper reviews current
research into the development of such a system, with particular emphasis on
creating a system emulating the physiological properties of the p-cell. Issues
related to using subcutaneous interstitial fluid for glucose sensing and insulin
delivery are reviewed. Criteria for optimising the system are discussed using his-
torical data. Existing strategies for open-loop pump therapy are presented with
the objective of defining a path to advance from the existing physician/patient
determined insulin therapy to a completely automated system.
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1. Introduction

No treatment has been shown to prevent Type 1 diabetes in humans [1]. Devoid of a
means to prevent the disease, islet [2] or pancreas/kidney transplantation [3] are
thought to be possible cures. Neither option is widely available as there are insuffi-
cient organ donors. Engineered cell lines 4], use of stem cells [5], or xeno-
transplantation (6], may overcome the islet shortage, but the timeline is unclear and
the recipient may still require immunosuppressive therapy, which can have
significant associated risks [7]. Without a means to prevent or cure the disease, the
focus is on improving therapy. Benefits of intensive insulin therapy were clearly
established in the Diabetes Control and Complications Trial (DCCT) (s8] and
continue to be observed [9,10]. Nonetheless, somewhere between improved therapy
and prevention/cure, lies the completely automated, artificial, closed-loop insulin
delivery system.

There is general agreement that such a system should be implanted with minimal
surgery and, thereafter, restore normal blood glucose profiles for the life of the reci-
pient. This may be unrealistic and opinions as to how a realistic system should look
and how best to achieve it vary widely. Closed-loop insulin delivery requires a sensor
for measuring glucose, an algorithm for determining the insulin delivery rate and a
pump. Glucose-sensing technology, for which a recent comprehensive review is avail-
able [11], comes in noninvasive and minimally invasive forms, the latter being on the
market today in the form of subcutaneous interstitial fluid glucose sensors. The suita-
bility of the subcutaneous site for glucose sensing has been extensively studied, but no
clear consensus regarding the delay or response during hypoglycaemia has emerged.
The primary means for delivering insulin, aside from a simple injection, is the exter-
nal insulin pump with subcutaneous insulin delivery. Implantable pumps utilising
intraperitoneal delivery result in a more rapid appearance of insulin into plasma with
some of the insulin likely to appear first in the portal vein; however, these require sur-
gery to implant and are not fully released in the US. As for the algorithm, opinions
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are diverse. This is probably due to the divergent backgrounds
of clinicians who treat Type 1 diabetes mellitus (T1DM) and
engineers who apply control theory.

A completely automated closed-loop insulin delivery system is
unlikely to be realised in one step from where we are today. At
present, multiple daily insulin injection therapy remains com-
mon, continuous subcutaneous insulin infusion shows benefit in
reducing haemoglobin Alc in some [12,13], but not all, [14] stud-
ies, and continuous glucose monitoring data are only available
retrospectively [15]. Pump therapy is largely determined by trial
and error with the help of a few empirical rules. The most
advanced form of insulin delivery consists of meter blood glu-
cose (BG) values that can be automatically transmitted to a
pump (Medtronic MiniMed Paradigm® 512 pump), which can
provide a bolus recommendation. Recommendations are based
on a carbohydrate to insulin ration (CIR) and a correction factor
(CF) that are entered by the user (g carbohydrate and mg/dl
drop in blood glucose, expected for 1 unit of insulin). A time
profile specifying the fraction of insulin yet to act is defined and
has been termed insulin on board (IOB). The recommended
bolus (U) is subsequently calculated from a meter BG entry as in
Equation 1. Variations of the algorithm exist in pumps
manufactured by several companies.

~10B(t) (1)

Bolus = (BGfSetpomt) +Carb0hydrale

CF CIR

Where t is time.
Empirical rules exist for estimating CF and CIR, based on
reciprocal relations with total daily insulin (TDI) [16):

CF = %
2)

csi

IR = £

Where ISI is an insulin sensitivity index and CSI is a
carbohydrate sensitivity index.

ISIs of 1500 — 1800 have been proposed by P Davidson
(17], and are commonly referred to as the ‘1500 rule’ and
‘1800 rule’, respectively. A value of 500 is common for the
CSI. Basal rate recommendations involving a fixed percentage
of the TDI delivered over 24 h also exist (50% in adults, 40%
in adolescents [18]). Collectively, these rules (ISI = 15005
CSI = 500, and basal rate = 50% TDI/24 h) were used as an
initial guide by Demeglio ez al. (19] in a study characterising
pump use in toddlers and adolescents. Variations in the
number of basal rates [19] and the time at which the maximal
basal rate occurs, can be expected [20].

The need to establish multiple basal rates, a CIR and CE
estimate meal carbohydrate content (g), and possibly make
adjustments based on stress, exercise and numerous other
factors, is far from straight forward. Can the process be
circumvented by a closed-loop insulin delivery system?

Undoubtedly there are obstacles, both real and perceived, in
achieving such a solution.

2. The subcutaneous glucose sensing site

It is unlikely that any one area related to subcutaneous glucose
sensing has captured the attention of more researchers than the
putative differences between plasma and ISF glucose. These
differences are thought to include insulin-induced changes in
the plasma to ISF glucose gradient [2122], different response
times for falling and rising glucose signals [23], protracted
recovery times following hypoglycaemia [24,25], and suggestions
that ISF glucose can fall in advance of plasma glucose [26,27].
These issues have been assessed in studies using lymph as a sur-
rogate for ISF fluid, and by modelling the subcutaneous glu-
cose sensor current. From the kinetics of glucose in lymph
(canine model) we have shown the delay in ISF glucose to be
<5 — 12 min and that neither it nor the gradient are affected
by the prevailing plasma insulin level [28]; conclusions that are
supported by sensor modelling studies in dogs [29]. In humans,
we have found the delay to be only 6 — 8 min during hyper-
130) and hypoglycemic clamps [31], with no difference in delay
during falling or rising glucose. These estimates are consistent
with those recently reported in individuals with TIDM by
Boyne et al (321. Delays of this magnitude introduce only
minor errors in the glucose signal [28], and signal processing
routines have been proposed to correct them [29,33]. Thus the
authors believe the use of subcutaneous interstitial fluid for
glucose sensing is unlikely to pose a substantial barrier in the
development of a closed-loop insulin delivery system.

3. The subcutaneous insulin delivery site

The applicability of the subcutaneous site for insulin deliv-
ery has been greatly enhanced by the development of rapidly
absorbing insulin analogues. However, the kinetics are still
substantially delayed. Following a subcutaneous bolus,
plasma insulin concentration does not achieve a peak level
for 40 — 60 min, and subsequently takes 3 — 6 h to fully
dissipate (Figure 1, closed circles).

While the insulin kinetics are substantially delayed, they are
reasonably well approximated by mathematical models. For
the response shown in Figure 1, a mathematical construct
(Equation 3) characterising two delays (t;, and t, in min)
provides a reasonable description of the profile (Figure 1, line).

—t —1

Ip(t) = A{eﬁet—z} 3)

The response is scaled by a factor (A) to normalise the area
under the curve (AUC) to the subject’s insulin clearance
(insulin clearance = insulin dose/AUC), and all parameters
(t1,72, A) can be obtained by standard mathematical
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Figure 1. Plasma insulin concentration following a subcutaneous bolus of insulin aspart (solid circles; left axis) together with
a model predicted profile (solid line). Required glucose infusion rate to maintain plasma glucose at basal (open circles; right
axis) and model fit. Data adapted from MUDALIAR SR, LINDBERG FA, JOYCE M et al.: Insulin aspart (B28 asp-insulin): a fast-acting
analog of human insulin: absorption kinetics and action profile compared with regular human insulin in healthy nondiabetic subjects.

Diabetes Care (1999) 22:1501-1506; see text for model equations.

techniques (model fits in Figure 1 were obtained using non-lin-
ear least squares routines available in Mlab, Civilized Software,
Bethesda, MD, USA). This characterisation is only one of
numerous models for describing plasma insulin as a function
of subcutaneous insulin delivery with alternate, more complex
models available (35]. However, Equation 3 can describe plasma
insulin concentrations obtained with arbitrary pump profiles
using a mathematical process known as convolution [36] (sum-
ming individual boluses). Although delays in subcutaneous
insulin absorption pose a substantial challenge to closing the
loop, the fact that the response is well characterised by a model
can be used to benefit closed-loop insulin delivery immensely.

Insulin action does not occur simultaneously with changes in
insulin concentration. The delay can be characterised by the glu-
cose infusion rate required to maintain euglycaemia (Figure 1,
open circles), and can be described by mathematical models.
The simplest such model is to assume that all action occurs in a
compartment remote from plasma (i.e., interstitial fluid bathing
insulin-sensitive tissue). This, of course, is the same assumption
used by the well known minimal model of glucose kinetics 371,
and leads to a predicted glucose infusion rate of:

dG;,, _

dt

-p,G,, F KU~ 1) 4)

In this form, the rate-of-change of glucose infusion (dG, /
dt) is proportional (K) to the plasma insulin concentration
above basal (I — 1) and the delay is defined by p, (time for
half-maximal action proportional to 1/p,). Although Equa-
tion 2 may look, at first, to be complex, it nonetheless pro-
vides a simple means to model the insulin-effect time course
and effectively describes data obtained by Mudaliar
(Figure 1) [(34]. As with the insulin kinetic description, the

model prediction can be used to great benefit in a
closed-loop insulin delivery algorithm.

4. Closed-loop insulin delivery algorithms

Two recent articles have reviewed closed-loop insulin delivery
algorithms wusing either intravenous [38] or subcutaneous
delivery (39] sites. Although this review focuses on the
ambulatory closed-loop system (subcutaneous delivery), the
review of intravenous insulin delivery [38] is valuable as it
presents a more detailed historical perspective of closed-loop
insulin delivery and the model predictive control strategy. The
review on subcutaneous insulin delivery (39] includes a section
on emerging information technology and telemedicine
approaches for adjusting open-loop therapies, which is of
interest in assessing what lies between where we are and we are
going. Both review articles require some background in the
mathematics of control theory.

Although the use of control theory will undoubtedly aid in
the development of an insulin delivery algorithm, the same
can be said for understanding and modeling how the B-cell
maintains glucose homeostasis. This latter course has been
reviewed (40]. Briefly, the main arguments are that the B-cell
adjusts the ratio of first-to-second-phase insulin release to
compensate for the delay in insulin action 41, and that it
adapts the magnitude of its response to keep the product of
insulin sensitivity (S;) and the AUC of the first-phase insulin
response constant: the constant being the ‘disposition index’
originally proposed by R Bergman [42,43] and demonstrated in
humans by S Kahn [44.

Insulin secreted by the B-cell appears directly in the portal
vein, whereas the objective in creating an ambulatory system is
to have the insulin delivered by subcutaneous or intraperitoneal
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routes. Portal insulin appearance is thought to have a rapid
direct effect to suppress hepatic glucose output [45-47] and alter
other metabolites [48]. However, these effects are also thought to
be mediated by an indirect action of insulin in peripheral inter-
stitial fluid: the ‘single gateway hypothesis 49-55]. The existence
of a direct effect of portal insulin to suppress hepatic glucose
output (mg/min) suggests that, in individuals with TIDM,
peripheral insulin delivery would require an elevation in insulin
concentration to normalise fasting glucose turnover (glucose
turnover approximately equals hepatic glucose output under
fasting conditions). However, Chiasson ez a/. have shown that
glucose turnover can be normalised in individuals with T1IDM
1561, compared with age- and weight-matched controls, without
an elevation in either fasting insulin or fasting glucose (experi-
ments performed in women during and following pregnancy).
Thus, the higher portal insulin concentration that would have
been present in the normal controls did not affect the steady-
state endogenous glucose production rate. This observation is
consistent with the hypothesis that the indirect effect of insulin
is dominant [51,57].

In any case, if B-cell dynamics are to become the underlying
basis for a closed-loop insulin delivery algorithm, a mathemat-
ical model must be developed to describe its secretory response
to glucose. Numerous models exist [58-66], all of which follow
the work of G Grodsky [(67-69. These models [58-66] all
include terms that describe glucose-induced insulin secre-
tion as components that react proportionally to changes in
glucose, have a delayed reaction to glucose and/or react to
the rate-of-change of glucose. The ability of one model
[58,59] to describe hyperglycemic clamps and meal profiles
in healthy subjects has recently been evaluated [70]. In this
study, the model estimate of second-phase insulin release
obtained from the clamp was inconsistent with the esti-
mate obtained from a meal. Although this may have been
due to an insufficient number of samples taken during the
meal (C Cobelli, pers. commun.), it has also been shown
that the predicted secretion rate does not compensate for
changes in basal insulin requirement [71]. Changes in basal
insulin can occur following changes in S; or endogenous
glucose appearance.

In light of these observations, a three-phase model of
insulin secretion was proposed and consisted of the slow
[58,59,63,65], the
component suggested in [60-62,64,65] and the rate of change

component suggested in proportional
component in [58-62,65]. Although it remains to be determined
whether the three-phase model can provide consistent esti-
mates of second-phase insulin release during meals and
clamps, it has been shown with simulations that it can main-
tain normoglycaemia in the presence of changes in S; or glu-
cose production [71]. This three-phase model has become the
basis for a closed-loop insulin delivery algorithm using sys-
tems based on both subcutaneous glucose sensing with sub-
cutaneous insulin delivery (72, and intravenous glucose
sensing with intraperitoneal insulin delivery (73]. Preliminary
results from clinical trials using this model/algorithm are

promising (72,73]. This B-cell based control algorithm has
been termed physiologic insulin delivery (PID) (71,72).

Two points regarding the B-cell algorithm seem particularly
relevant in the context of the present review. The first is that
although the algorithm was derived from a model of glu-
cose-induced insulin secretion (the B-cell), it is not structurally
different from a classical proportional-integral-derivative
controller [36] used throughout the engineering world for many
decades. The second point is that as the B-cell delivers insulin
into the portal vein and the algorithm is intended for subcuta-
neous delivery, a modification or adjustment is required. Ide-
ally, modifications and adjustments would be made in an effort
to achieve optimal results. There is, however, no consensus as to
what the optimal glucose profile should look like.

Closed-loop algorithms with intravenous insulin delivery
can achieve lower glucose excursions than those observed in
healthy animals with normal B-cell function. This was origi-
nally shown in dogs using an insulin delivery (ID) algorithm
consisting of a fixed (constant) basal rate (a,), and components
that responded proportionally to glucose above setpoint (a; x
[G-setpoint]) and to the rate of change of glucose (a, x dG/dt):

ID{t) = a0+a1(G—setpoint)+a2dd—f (5)

This algorithm contains two of the three components of
the PID B-cell model, lacking only the component necessary
to generate a slow rise in second-phase insulin release. With
subcutaneous glucose sensing, the algorithm was shown to be
able to achieve glucose profiles during oral glucose tolerance
tests (OGTTs) that were lower than those achieved by normal
control animals (Figure 2A triangles versus closed circles). The
lower glucose response was, however, accompanied by a
higher than normal plasma insulin response (Figure 2B trian-
gles versus closed circles), a characteristic that may not be
desirable. As basal glucose was well matched in the two groups
(determined by ay) it can be argued that lower values for a,
and a, (Equation 5) would have achieved glucose profiles
more closely matching the healthy animal.

Although lowering a; and a, can be expected to lead to a
glucose profile more closely approximating the normal animal,
it does not address the issue of how to choose the relative ratio
between the two. Apart from purely empirical approaches to
adjust a, and a,, most engineering approaches require a model
of the system being controlled. In this context, the model is
not of insulin secretion, but rather insulin action. Similiar to
insulin secretion, numerous models of insulin action also exist
(761, but no single model is universally accepted. Three of the
more common models (Bergman’s minimal model (777, AIDA
(78] and Sorensen [79]) were recently compared and significant
differences were found among them [80].

Although differences exist among these models, the simplest
of the three (minimal model) can describe the data of Figure 2
provided mathematical descriptions of the plasma insulin
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Figure 2. Glucose and insulin responses in normal (closed circles) and diabetic dogs under proportional derivative control
(open triangles) together with the fit of Equation 6 (solid lines). Adapted from REBRIN K, FISCHER U, VON WOEDTKE T, ABEL P,
BRUNSTEIN E: Automated feedback control of subcutaneous glucose concentration in diabetic dogs. Diabetologia (1989) 32:573-576.
Simulated profiles with closed-loop gains reduced by 50% (dashed lines) together with experimental data (open squares) adapted from
FISCHER U, FREYSE EJ, SALZSIEDER E, REBRIN K: Artificial connection between glucose sensing and insulin delivery: Implications of

peritoneal administration. Artif. Org. (1992) 16:151-162.

concentration (Ip[t]), and rate of glucose appearance (R,[t])
during an OGTT, are available. Figure 1 provides such a
description for Ip(t) following a subcutaneous bolus, but not
for the kinetics following an intravenous bolus, and no model
exists to describe the rate of glucose appearance following
OGTT (the AIDA model is a possible exception as it has a
piecewise linear model to describe a standard meal (7).
Glucose tracer methods are emerging for estimating the rate
(81,82 and this will likely aid in further developments. Here,
the rate of glucose appearance following an oral glucose load is
approximated as having two rate constants (rate constants 1/p;
and 1/p), and the concentration of insulin following an intra-
venous insulin bolus as having a single rate parameter (1/p;):

dG
T P+ X0GHR, pasary T Racocrn (D
17,4
T = —p2X+p3(I—IB>
©)
dl

d—f = —pel, + psID(D)

_ —pat -pSt
Ra(OGTT) = Ae —Ae

Parameters of the first two equations are defined by the
minimal model (p, characterises the effect of glucose per se to
increase glucose disposal and decrease glucose production; p,
characterises the delay in insulin action; ps/p, is ) and the
third equation characterises insulin clearance (p,/ps in ml/
min) and plasma insulin half-life (proportional to 1/p;). The
final equation characterises the rise and fall in glucose appear-
ance following the oral glucose load (rate parameters, 1/p, and
1/ps in min; parameter A is in units of mg/min/dl and reflects
the total g of carbohydrate in the OGTT normalised to the
distribution volume of glucose).

Although this formulation is clearly based on many simpli-
fied assumptions, it serves to describe the glucose profiles in
both the healthy and diabetic animals (Figure 2A, solid lines
through healthy [closed circle] and diabetic [open triangle]
glucose profiles). Minimal model (p;, p,, p;) and glucose
appearance (p;, ps and A) parameters were assumed to be
identical in the diabetic and normal animals and the final
fitted curves obtained with standard mathematical routines
(Mlab, Civilized Software Bethesda, MD, USA). Once the
model was fit to the data (using nonlinear least squares) [74],
simulations using lower values of a; and a, were performed
(dashed line), and the simulated profiles compared with data
obtained by the same authors in a later study [75] (open
squares). This last step, which validates that the model is
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Figure 3. Glucose and insulin profiles obtained in the normal dog (solid circles), together with simulated closed-loop
response using proportional derivative control with intravenous insulin delivery (solid line; optimised to fit both the glucose
and insulin response in the normal dog) and subcutaneous insulin delivery (dashed line; optimised to fit the glucose profile).
Data adapted from REBRIN K, FISCHER U, VON WOEDTKE T, ABEL P, BRUNSTEIN E: Automated feedback control of subcutaneous glucose

concentration in diabetic dogs. Diabetologia (1989) 32:573-576.

predictive for changes in controller tuning, provides a basis for
optimising the closed-loop parameters a; and a, (Equation 5).

Although virtually any optimisation criteria can be speci-
fied in this process, the optimal glucose profile is that which
would be achieved by the B-cell [40]. To this end, values of a,
and a, can be chosen to minimise the difference (least
squares) in the glucose profile predicted by the model under
closed-loop conditions and the profile in the healthy control
group (Figure 3, solid lines). For subcutaneous insulin deliv-
ery, the relationship between insulin delivery and insulin
concentration in Equation 6 can be replaced with the rela-
tionship in Figure 1 (and Equation 3) and new values of a,
and a, obtained. This last step leads to slightly higher glu-
cose levels with a delay in the insulin profile (Figure 3,
dashed line).

The model-based optimisation strategy highlighted in
Figure 3 provides insight into how algorithm parameters can
be rationally determined. However, the control equation
(Equation 5) used is unable to adjust for changes in insulin
demand. If an insulin delivery rate greater than a, is
required during stable fasting conditions (stable fasting
implies dG/dt= 0), glucose (G) must be greater than

setpoint for ID to be greater than a,. Furthermore, the met-
abolic model used in the optimisation process (Equation 6)
does not explicitly describe the underlying mechanisms
leading to a diurnal or interday variation in insulin need.
Although we have shown the PID model, viewed either as a
model of the B-cell or as a classical control algorithm, to
compensate for changes in insulin requirement (71], it is not
clear that existing models of insulin action characterised the
changes in insulin requirement typically seen in an
individual with TIDM [so].

A metabolic model that could fully characterise the glucose
dynamics in an individual with T1DM during day-to-day
activities, can aid in developing a closed-loop algorithm. Such
a model could also optimise open-loop bolus estimation
algorithms (e.g., Equation 1) and help determine diurnal
patterns of basal insulin delivery. Finally, the same model
could monitor food intake, exercise and insulin delivery and
predict an occurrence of hypoglycaemia in time for corrective
measures to be taken. Uldmately, a perfect model could
simply allow a computer to adjust insulin delivery without
any feedback. However, the authors of this review do not
believe such a model exists (see Section 5).
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5. Expert opinion and conclusion

Models are imperfect. In the present report, the simple equa-
tions used to describe the OGTT performed well; however,
OGTT conditions are far less complicated than the daily pro-
files seen in individuals with TIDM. Even for the simple
model used here (Equation 5), addition of diurnal variation
adds significantly to the complexity. Consider the putative
dawn phenomenon. Does blood glucose rise because endog-
enous glucose production (R gasar;) increases or because S,
decreases? If S| decreases, is it due to a decrease in the ability of
insulin to increase glucose uptake into cells once it binds to the
insulin receptor, or is it due to a decrease in the ability of insu-
lin to reach the cell (these affect p, and p; differently)? Could
the increase in glucose be related to changes in the effect of
glucose per se (p; in Equation 5)? Does insulin clearance vary
during the day? The list goes on.

Existing models do not address many of these issues.
However, new data are rapidly emerging. Glucose sensors
provide multiple days of continuous glucose data, insulin
pumps accurately track insulin delivery and many subjects are
well trained in calculating carbohydrate content, meal type,
and duration and intensity of exercise. This wealth of new
data will allow more comprehensive models to be developed
and validated.

Improved metabolic models can benefit open-loop insulin
treatment as well as aiding the development of closed-loop
algorithms, potentially answering the question ‘what lies

Steil & Rebrin

between where we are and where we are going?” Model-based
optimisation of open-loop therapy is likely to precede any full
closed-loop system. Such therapy can be implemented either
in an insulin pump, or combined with a telemedicine
approach. A model may be able to serve a monitoring role for
open-loop insulin delivery and early forms of closed-loop
delivery, thus allowing failures in any system components
(catheter, sensor, pump) to be diagnosed in advance of any
potential problem.

Although significant research remains to be conducted, a
completely closed-loop system is attainable. Although the
system may not be achievable in a single step from where we
are today, steps to automate open-loop pump therapy can
occur simultaneously with research on a fully closed-loop
insulin delivery system. Both open- and closed-loop therapy
can be expected to benefit from metabolic modelling. For
B-cell

response can be optimised to compensate for delays in glu-

closed-loop systems, algorithms emulating the
cose sensing and insulin delivery. Optimisation that falls
short of achieving perfect B-cell-like control, but requires
minimal patient interaction, will, nonetheless, improve the

lives of many individuals.

Acknowledgements

This work was partially funded by the National Institutes
of Health grants RO1 DK 57210 (KR) and ROl
DK 64567 (GMS).

Bibliography 6.

Papers of special note have been highlighted as
either of interest (*) or of considerable interest

(*®) to readers.

1. DEVENDRAD,LIUE,
EISENBARTH GS: Type 1 diabetes: recent
developments. BMJ (2004) 328:750-754.

2. BARSHES NR, LEET,
GOODPASTURE S et al.: Achievement of
insulin independence via pancreatic islet
transplantation using a remote isolation
center: a first-year review. Transplant. Proc.

(2004) 36:1127-1129.

3. ORSENIGOE, FIORINA P,
CRISTALLO M et al.: Long-term survival
after kidney and kidney-pancreas
transplantation in diabetic patients.

Transplant. Proc. (2004) 36:1072-1075.
4. EFRAT S: Regulation of insulin secretion:

insights from engineered beta-cell lines.

Ann. N.Y. Acad. Sci. (2004) 1014:88-96.
5.  STREET CN, SIPIONE S, HELMS L

et al.: Stem cell-based approaches to solving
the problem of tissue supply for islet
transplantation in Type 1 diabetes. /nz. /.
Biochem. Cell Biol. (2004) 36:667-683.

DUFOUR JM, RAJOTTE RV, 1.

KORBUTT GS, EMERICH DF:

Harnessing the immunomodulatory

properties of Sertoli cells to enable
xenotransplantation in Type I diabetes. .

Immunol. Invest (2003) 32:275-297.

ROTHER KI, HARLAN DM: Challenges 12.

facing islet transplantation for the treatment
of Type 1 diabetes mellitus. /. Clin. Invest.
(2004) 114:877-883.

The effect of intensive treatment of diabetes 13.

on the development and progression of
long-term complications in insulin-
dependent diabetes mellitus. DCCT
RESEARCH GROUP. New Engl. ]. Med.
(1993) 329:977-986.

Sustained effect of intensive treatment of

Type 1 diabetes mellitus on development

and progression of diabetic nephropathy: 14.

the Epidemiology of Diabetes Interventions
and Complications (EDIC) study. JAMA
(2003) 290:2159-2167.

NATHAN DM, LACHIN ], CLEARY P
et al.: Intensive diabetes therapy and carotid

intima-media thickness in Type 1 diabetes

mellitus. V. Engl. J. Med. (2003) 15.

348:2294-2303.

CHIA CW, SAUDEK CD: Glucose
sensors: toward closed loop insulin delivery.
Endocrinol. Metab. Clin. North Am. (2004)
33:175-195.

Good review of recent glucose sensor

studies.

RUDOLPH JW, HIRSCH IB: Assessment
of therapy with continuous subcutaneous
insulin infusion in an academic diabetes

clinic. Endocr. Pract. (2002) 8:401-405.

DOYLE EA, WEINZIMER SA,
STEFFEN AT, AHERN JA, VINCENT M,
TAMBORLANE WYV: A randomized,
prospective trial comparing the efficacy of
continuous subcutaneous insulin infusion
with multiple daily injections using insulin
glargine. Diabetes Care (2004)
27:1554-1558.

LEPORE G, DODESINI AR, NOSARI I,
TREVISAN R: Effect of continuous
subcutaneous insulin infusion versus
multiple daily insulin injection with
glargine as basal insulin: an open parallel
long-term study. Diabetes Nutr. Metab.
(2004) 17:84-89.

GROSS TM, BODE BW, EINHORN D

et al.: Performance evaluation of the

Expert Opin. Drug Deliv. (2005) 2(2)

359



Closed-loop insulin delivery — what lies between where we are and where we are going?

MiniMed continuous glucose monitoring
system during patient home use. Diabetes

Technol. Ther. (2000) 2:49-56.
16.  The insulin pump therapy book — insights

from the experts.In: Minimed technologies.

L Fredrickson (Ed.) (1995).

17.  DAVIDSON PC, HEBBLEWHITE HR,
BODE B ¢t al.: An empirical basis for
modifying the ‘1500 rule’. Diabetes (2004)
51(Suppl. 2).

18. BODE BW, TAMBORLANE WYV,
DAVIDSON PC: Insulin pump therapy in
the 21st century. Strategies for successful use

in adults, adolescents, and children with

diabetes. Postgrad. Med. (2002) 111:69-77.

19. DIMEGLIO LA, POTTORFF TM,
BOYD SR, FRANCE L, FINEBERG N,
EUGSTER EA: A randomized, controlled
study of insulin pump therapy in diabetic
preschoolers. J. Pediatr. (2004)
145:380-384.

20. CONRAD SC, MCGRATH MT,
GITELMAN SE: Transition from multiple
daily injections to continuous subcutaneous

insulin infusion in Type 1 diabetes mellitus.

J. Pediatr. (2002) 140:235-240.

21. AUSSEDAT B, DUPIRE-ANGEL M,
GIFFORD R, KLEIN JC, WILSON GS,
REACH G: Interstitial glucose
concentration and glycemia: implications
for continuous subcutaneous glucose
monitoring. Am. J. Physiol. Endocrinol.
Metab. (2000) 278:E716-E728.

22. BARON AD: Hemodynamic actions of
insulin. Am. J. Physiol. (1994)
267:E187-E202.

23. KULCU E, TAMADA JA, REACH G,
POTTS RO, LESHO MJ: Physiological
differences between interstitial glucose and
blood glucose measured in human subjects.
Diabetes Care (2003) 26:2405-2409.

*  This paper provides underlying data to
suggest ISF glucose is delayed.

24. MOBERG E, HAGSTROM-TOFT E,
ARNER P, BOLINDER J: Protracted
glucose fall in subcutaneous adipose tissue
and skeletal muscle compared with blood
during insulin-induced hypoglycaemia.
Diaberologia (1997) 40:1320-1326.

*  Microdialysis data indicating delays in ISF

glucose.

25. CHEYNE EH, CAVAN DA, KERR D:
Performance of a continuous glucose
monitoring system during controlled
hypoglycaemia in healthy volunteers.
Diabetes Technol. Ther. (2002) 4:607-613.

26.

27.

28.

29.

30.

31.

32.

33.

34.

THOME-DURET V, REACH G,
GANGNERAU MN ez al.: Use of a
subcutaneous glucose sensor to detect
decreases in glucose concentration prior to
observation in blood. Anal. Chem. (1996)
68:3822-3826.

STERNBERG E MEYERHOFF C,
MENNEL FJ, MAYER H, BISCHOF E,
PFEIFFER EF: Does fall in tissue glucose
precede fall in blood glucose? Diabetologia
(1996) 39:609-612.

REBRIN K, STEIL GM: Can interstitial
glucose assessment replace blood glucose
measurements? Diabetes Technol. Ther.
(2000) 2:461-472.

This paper presents a model from which
ISF glucose delay can be quantified and
also shows the kinetics of glucose in lymph
derived from ISE

REBRIN K, STEIL GM,

VAN ANTWERP WP,
MASTROTOTARO ]JJ: Subcutaneous
glucose predicts plasma glucose
independent of insulin: implications for
continuous monitoring. Am. J. Physiol

(1999) 277:E561-E571.

STEIL GM, REBRIN K,
MASTROTOTARO J, BERNABA B,
SAAD MEF: Determination of plasma
glucose during rapid glucose excursions
with a subcutaneous glucose sensor.

Diabetes Technol. Ther. (2003) 5:27-31.

HARIRI E JANOWSKI R, CLARK B,
REBRIN K, STEIL GM, SAAD MF: Rapid
subcutanious glucose sensing during insulin
induced hypoglycemia. Diabetes (2004)
53(Suppl. 2):A3.

BOYNE MS, SILVER DM, KAPLAN ],
SAUDEK CD: Timing of changes in
interstitial and venous blood glucose
measured with a continuous subcutaneous
glucose sensor. Diabetes (2003)
52:2790-2794.

This study evaluates subcutaneous glucose
sensors in subjects with type 1 diabetes

under normal living conditions.

SCHMIDTKE DW, FREELAND AC,
HELLER A, BONNECAZE RT:
Measurement and modeling of the transient
difference between blood and subcutaneous
glucose concentrations in the rat after
injection of insulin. Proc. Natl. Acad. Sci.
USA (1998) 95:294-299.

MUDALIAR SR, LINDBERG FA,
JOYCE M ez al.: Insulin aspart (B28
asp-insulin): a fast-acting analog of human
insulin: absorption kinetics and action

profile compared with regular human

35.

36.

37.

38.

39.

40.

41.

42.

43.

insulin in healthy nondiabetic subjects.
Diabetes Care (1999) 22:1501-1506.
This study provides clear data for the

delays in insulin absorption and action.

NUCCI G, COBELLI C: Models of
subcutaneous insulin kinetics. A critical
review. Comput. Methods Programs Biomed.
(2000) 62:249-257.

OGATA K: Modern Control Engineering
(3rd Edition), Prentice-Hall, NJ, USA,
(1997).

BERGMAN RN, FINEGOOD DT,
ADER M: Assessment of insulin sensitivity
in vivo. Endocr. Rev. (1985) 6:45-86.

This paper is one of the most
comprehensive reviews of methodology in
this area and the appendix provides an
excellent description of the minimal

model.

PARKER RS, DOYLE III FJ, PEPPAS NA:
The intravenous route to blood glucose
control. IEEE Eng. Med. Biol. Mag. (2001)
20:65-73.

This review provides a comprehensive
background into how control theory may
be used to address many of the issues

toward developing the closed-loop system.

BELLAZZI R, NUCCI G, COBELLI C:
The subcutaneous route to insulin-
dependent diabetes therapy. IEEE Eng. Med.
Biol. Mag. (2001) 20:54-64.

This review provides background relating
specifically to closed-loop using the
subcutaneous site and can be read together
with [28].

STEIL GM, PANTELEON AE, REBRIN K:
Closed-loop insulin delivery — the path to
physiological glucose control. Adv. Drug Deliv.
Rev. (2004) 56:125-144.

This paper presents arguments in support
of the role of B-cell research in developing
a closed-loop algorithm.

GETTY L, HAMILTON-WESSLER M,
ADER M, DEA MK, BERGMAN RN:
Biphasic insulin secretion during
intravenous glucose tolerance test promotes
optimal interstitial insulin profile. Diabetes

(1998) 47:1941-1947.

BERGMAN RN, PHILLIPS LS,
COBELLI C: Physiologic evaluation of
factors controlling glucose tolerance in man:
measurement of insulin sensitivity and
B-cell glucose sensitivity from the response
to intravenous glucose. /. Clin. Invest.

(1981) 68:1456-1467.

BERGMAN RN, ADER M,
HUECKING K, VAN CITTERS G:

Accurate assessment of B-cell function: the

360

Expert Opin. Drug Deliv. (2005) 2(2)



44,

45.

46.

47.

48.

49.

50.

51.

52.

hyperbolic correction. Diabetes (2002)
51(Suppl. 1):5212-5220.

KAHN SE, PRIGEON RL,
MCCULLOCH DK ez al.: Quantification
of the relationship between insulin
sensitivity and B-cell function in human

subjects. Evidence for a hyperbolic function.

Diabetes (1993) 42:1663-1672.

SINDELAR DK, CHU CA, VENSON P,
DONAHUE EP, NEAL DW,
CHERRINGTON AD: Basal hepatic
glucose production is regulated by the
portal vein insulin concentration. Diabetes

(1998) 47:523-529.

SATAKE S, MOORE MC, IGAWA K:
Direct and indirect effects of insulin on
glucose uptake and storage by the liver.
Diabetes (2002) 51:1663-1671.

CHERRINGTON AD, SINDELAR D,
EDGERTON D, STEINER K,
MCGUINNESS OP: Physiological
consequences of phasic insulin release in the
normal animal. Dizbetes (2002)

51(Suppl. 1):5103-S108.

This paper nicely addresses the ‘direct
portal effect versus the indirect peripheral

effect’ arguments for insulin.

FREYSE EJ, REBRIN K, SCHNEIDER T,
PETRZIKA M, FISCHER U: Increased
urea synthesis in insulin-dependent diabetic
dogs maintained normoglycemic: effect of
portal insulin administration and food
protein content. Diabetes (1996)
45:667-674.

ADER M, BERGMAN RN: Peripheral
effects of of insulin dominate supression of
fasting hepatic glucose production. Am. /.
Physiol. (1990) 258:E1020-E1032.

BERGMAN RN: New concepts in
extracellular signaling for insulin action: the
single gateway hypothesis. Recent Prog.
Horm. Res. (1997) 52:359-385.

MITTELMAN SD, FU Y-Y, STEIL GM,
REBRIN K, BERGMAN RN: Indirect
effect of insulin to suppress endogenous
glucose production is dominant even with
hyperglycemia. /. Clin. Invest. (1997)
100:3129-3139.

This paper addresses the argument that
insulin acts to suppress liver glucose
output through an indirect peripheral

mechanism.

POULIN RA, STEIL GM, MOORE DM,
ADER M, BERGMAN RN: Dynamics of
glucose production and uptake are more
closely related to insulin in hindlimb lymph
than in thoracic duct lymph. Diabetes
(1994) 43:180-190.

53.

54.

55.

56.

57.

58.

59.

60.

6l1.

62.

REBRIN K, STEIL GM, GETTY L,
BERGMAN RN: Free fatty acid as a link in
the regulation of hepatic glucose output by
peripheral insulin. Diabetes (1995)
44:1038-1045.

REBRIN K, STEIL GM,

MITTELMAN SD, BERGMAN RN:
Causal linkage between insulin suppression
of lipolysis and suppression of liver glucose
output in dogs. /. Clin. Invest. (1996)
98:741-749.

STEIL GM, REBRIN K,

MITTELMAN SD, BERGMAN RN: Role
of portal insulin delivery in the
disappearance of intravenous glucose and

assessment of insulin sensitivity. Diabetes

(1998) 47:714-720.

CHIASSON JL, EL ACHKAR GG,
DUCROS E BOURQUE J, MAHEUX P:
Glucose turnover and gluconeogenesis
during pregnancy in women with and
without insulin-dependent diabetes
mellitus. Clin. Invest. Med. (1997)
20:140-151.

MITTELMAN SD, YOU-YIN E

STEIL GM, REBRIN K, BERGMAN RN:
The indirect effect of insulin to suppress
hepatic glucose output is dominant
independent of glucagon. J. Clin. Invest.
(1997) 100:3121-3130.

BREDA E, CAVAGHAN MK,
TOFFOLO G, POLONSKY KS,
COBELL C: Oral glucose tolerance test
minimal model indexes of beta-cell function
and insulin sensitivity. Diabetes (2001)
50:150-158.

BREDA E, TOFFOLO G,

POLONSKY KS, COBELLI C:Insulin
release in impaired glucose tolerance: oral
minimal model predicts normal sensitivity

to glucose but defective response times.

Diabetes (2002) 51(Suppl. 1):5227-S233.
MARI A, CAMASTRA S, TOSCHI E

et al.: A model for glucose control of insulin
secretion during 24 h of free living. Diabetes
(2001) 50(Suppl. 1):S164-S168.

MARI A, SCHMITZ O,

GASTALDELLI A, OESTERGAARD T,
NYHOLM B, FERRANNINI E: Meal and
oral glucose tests for assessment of B-cell
function: modeling analysis in normal
subjects. Am. J. Physiol. (2002)
283:E1159-E1166.

MARI A, TURA A, GASTALDELLI A,
FERRANNINI E: Assessing insulin
secretion by modeling in multiple-meal
tests: role of potentiation. Diabetes (2002)
51(Suppl. 1):5221-5226.

64.

65.

67.

68.

69.

70.

71.

72.

Steil & Rebrin

CRETTI A, LEHTOVIRTA M,
BONORAE et al.: Assessment of B-cell
function during oral glucose tolerance test
by minimal model of insulin secretion. Exp.

Clin. Endocrinol. (2003) 31:405-416.

HOVORKA R, CHASSIN L, LUZIO SD,
PLAYLE R, OWENS DR: Pancreatic B-cell
responsiveness during meal tolerance test:
model assessment in normal subjects and
subjects with newly diagnosed
noninsulin-dependent diabetes mellitus.

J. Clin. Endocrinol. Metab. (1998)
83:744-750.

CERASI E, FICK G, RUDEMO M: A
mathematical model for the glucose induced
insulin release in man. Eur. J. Clin. Invest.

(1974) 4:267-278.
NESHER R, CERASI E: Modeling phasic

insulin release: immediate and
time-dependent effects of glucose. Diabetes
(2002) 51(Suppl. 1):S53-S59.

GRODSKY G, TARVER H, LIGHT A,
SIMPSON MYV: Paper chromatography of
insulin. Nature (1956) 177:223-225.

BONNER-WEIR S GRODSKY G:
Analysis: assessment of human islet
preparations to be used for islet expansion,
survival, or transplant. Diabetes Technol.

Ther. (2004) 6:493-494.

GRODSKY, GM, CURRY D,
LANDAHL H, BENNETT L: [Further
studies on the dynamic aspects of insulin
release in vitro with evidence for a

two-compartmental storage system]. Acza

Diabetol. Lat. (1969) 6(Suppl. 1):554-578.
STEIL GM, HWU CM, JANOWSKI R

et al.: Evaluation of insulin sensitivity and
beta-cell function indexes obtained from
minimal model analysis of a meal tolerance
test. Diabetes (2004) 53:1201-1207.

A study in which glucose and insulin
profiles in normal glucose tolerant
individuals are analysed under
hyperglycaemic clamp, intravenous glucose

challenge and daily living.

STEIL GM, REBRIN K, JANOWSKI R,
DARWIN C, SAAD MF: Modeling beta-
cell insulin secretion-implications for
closed-loop glucose homeostasis. Diabetes
Technol. Ther. (2003) 5:953-964.

This paper expands on the suitability of a
3-phase B-cell model as a closed-loop
insulin delivery algorithm.

STEIL GM, REBRIN K, HARIRI F ¢t a/.:
Continuous automated closed-loop insulin
delivery based on subcutaneous glucose

sensing and external insulin pump. Diabetes

(2004) 53(Suppl. 2):A3.

Expert Opin. Drug Deliv. (2005) 2(2)

361



Closed-loop insulin delivery — what lies between where we are and where we are going?

73. RENARD E, PANTELEON AE, ee  This paper provides important background . This paper deals extensively with the
LEONG P et al.: Efficacy of a closed-loop and reviews the understanding of how insulin and glucose effects in metabolic
control of blood glucose based on an models can aid closed-loop algorithm modelling.
implantable IV sensor and intraperitoneal development. 81. DALLA MC, CAUMO A, BASU R,
insulin pump. Diabetes (2004) 77. BERGMAN RN, STEIL GM, RIZZA R, TOFFOLO G, COBELLI C:
53(Suppl. 2):A114. BRADLEY DC, WATANABE RM: Minimal model estimation of glucose

74.  REBRIN K, FISCHER U, Modeling of insulin action 77 vivo. Ann. absorption and insulin sensitivity from oral
VON WOEDTKE T, ABEL P, Rev. Physiol. (1992) 54:861-883. test: validation with a tracer method. Am. /.
BRUNSTEIN E: Automated feedback 78.  LEHMANN ED: British Diabetic Physiol. Endocrinol. Metab. (2004)
control of subcutaneous glucose Association review of the AIDA v4 diabetes 287:E637-E643.
concentration in diabetic dogs. Diabetologia software simulator program. Diabetes 82. BASU R, DI CAMILLO B, TOFFOLO G
(1989) 32:573-576. Technol. Ther. (2004) 6:87-96. et al.: Use of a novel triple-tracer approach

75. FISCHER U, FREYSE EJ, 79. SORENSEN JT: A physiologic model of to assess postprandial glucose metabolism.
SALZSIEDER E, REBRIN K: Artificial glucose metabolism in man and its use to Am. J. Physiol. Endocrinol. Metab. (2003)
connection between glucose sensing and design and assess improve insulin therapies 284:E55-E69.
insulin delivery: implications of peritoneal for diabetes. PhD Thesis, Department of
administration. Arzf Org. (1992) Chemical Engineering MIT (1985). Affiliation
16:151-162. Garry M Steil” & Kerstin Rebrin

80. STEIL GM, CLARK B, KANDERIAN S, tAuthor for correspondence

76. PARKER RS, DOYLE FJ 3rd: REBRIN K: Modelling insulin action for s P .
Control-relevant modeling in drug delivery. development of a closed-loop artificial Medtro.mc MiniMed, 18000 Devonshire Street,
Ady. Drug Deliv. Rev. (2001) 48:211-228. pancreas. Diabetes Technol. Ther. (2005) Nothrldge, CA. 91325, US.A

7.04-108. Email: garry.steil@Medtronic.com

362 Expert Opin. Drug Deliv. (2005) 2(2)



	1. Introduction
	2. The subcutaneous glucose sensing site
	3. The subcutaneous insulin delivery site
	4. Closed-loop insulin delivery algorithms
	5. Expert opinion and conclusion
	Acknowledgements

