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To provide an understanding of both the preclinical and clinical aspects of closed-
loop artificial pancreas systems, we provide a discussion of this topic as part of this
two-part Bench to Clinic narrative. Here, the Bench narrative provides an in-depth
understanding of insulin-glucose-glucagon physiology in conditions thatmimic the
free-living situation to the extent possible in type 1 diabetes that will help refine
and improve future closed-loop system algorithms. In the Clinic narrative, Doyle
and colleagues compare and evaluate technology used in current closed-loop
studies to gain furthermomentum toward outpatient trials and eventual approval
for widespread use.

The concept of a system that responds automatically to changing blood glucose
concentrations by modulating insulin delivery in patients with type 1 diabetes (T1D)
was born decades ago as the pioneering but cumbersome Biostator (1) and involved
intravenous routes for both glucose sensing and insulin delivery. Ideally, such a
system performs without human interventions operating as a “closed” process;
however, attempts at “closing the loop” with Biostator were suboptimal in normal-
izing postprandial glucose excursions despite modulation of prandial rates of insulin
delivery. For the system to be truly closed, technologic, algorithmic, and physiologic
limitations must be overcome. While the Biostator had the ideal intravascular route
for closing the loop, the lack of portability of the entire system precluded wide-
spread use in patients with T1D in the free-living situation.
Over the past 15 years, the concept of closed-loop control (CLC) has been re-

kindled, thanks to significant advances in technological and algorithmic capabilities,
renewed interest by funding agencies (both governmental and nongovernmental),
and regulatory bodies, including the U.S. Food and Drug Administration, replacing
lengthy preclinical animal studies with in silico (computer-based) simulations and
“simulators” (2,3) to expedite the approval processes with integrated efforts of all
parties involved. Consequently, several investigative teams worldwide have suc-
cessfully conducted and published outpatient and inpatient clinical trials (4–6)
that have demonstrated safety and efficacy in relatively short-term CLC using the
subcutaneous route for both glucose sensing and insulin delivery in adults and
children with T1D. While the subcutaneous compartment for glucose sensing and
insulin delivery is nonphysiological and suboptimal involving definitive time delays
at both ends, the practicality, usability, and simplicity of this route makes current
efforts and realization of CLC promising to a potentially large segment of the T1D
patient population.
Refinements in algorithms (proportional integral derivative, model predictive

control, fuzzy logic), platforms (artificial pancreas system, Diabetes Assistant), con-
tinuous glucose monitors (CGMs), and insulin pumps, along with continuing
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miniaturization and portability of these
devices, have enhanced the practicality
and usability of contemporary CLC sys-
tems by adults and adolescents with
T1D (7). Furthermore, recent studies
(8) incorporating both insulin and gluca-
gon infusions have extended the entire
concept from an artificial b-cell closer to
an artificial endocrine pancreas system.
Formidable challenges remain before

such a system can be safely used in free-
living situations in T1D. These include
adaptation (with possible individualiza-
tion) of algorithms based on changes in
physiological parameters (e.g., insulin
sensitivity [SI], glucagon sensitivity) re-
lated to multiple natural perturbations
induced by, among others, physical ac-
tivity (varying types and intensities),
meals (varying sizes and composition),
intercurrent illness, dawn phenomenon,
circadian variability, and biological fac-
tors (puberty, menstrual cycles, preg-
nancy, menopause) (Table 1). The
logical way forward therefore would
be to systematically determine the ef-
fect sizes of these relevant scenarios to
pertinent physiological inputs that could
“inform” existing control algorithms,
followed by formal testing of these

modified algorithms in clinical trials to
determine safety and efficacy before
broader clinical application.

Why dowe need physiological param-
eters to inform such algorithms? Be-
cause the causes of rising or falling
glucose concentrations beyond the nor-
mal ranges in T1D vary with different
circumstances, hence the solutions will
also vary. As an example, hyperglycemia
can occur postprandially (Fig. 1) and
with stress (e.g., intercurrent illnesses)
(Fig. 2). However, postprandial hyper-
glycemia results from the fact that the
pharmacodynamics of subcutaneously
injected insulin coupled with impaired
suppression of postprandial glucagon
concentrations cannot keep pace with
the rapidity of systemic appearance of
meal glucose. In contrast, illness induces
hyperglycemia because of cytokine-
induced insulin resistance (9). Similarly,
hypoglycemia can occur either with ex-
ercise (Fig. 3) or following alcohol in-
gestion (Fig. 4) (10). While exercise
induces hypoglycemia due to increased
glucoseuptake through insulin-dependent
and -independent mechanisms together
with inadequate glucagon secretion
and/or hepatic glucagon sensitivity, alco-
hol inhibits hepatic gluconeogenesis,
thus, in effect, enhancing hepatic SI
and lowering hepatic glucose produc-
tion. Hence, the solutions in each case
will differ although the net results on
glucose levels are comparable.

COMMON PERTURBATIONS
Meals
As shown in Fig. 1, meals are a major
daily contributor to glucose variability,
especially in T1D where the natural
prompt postprandial changes to portal
insulin/glucagon ratio rapidly modulat-
ing hepatic glucose uptake and produc-
tion to minimize glucose excursions are
absent due tob-cell failure and accompa-
nying a-cell dysfunction. Inherent delays
in hepatic and peripheral insulin action
necessarily resulting from subcutaneous
insulin delivery in T1D aggravates the
problem. Additional meal-related fac-
tors (composition, portion size, alcohol),
accompanying abnormalities in rates of
gastric emptying, and diurnal patterns of
postprandial SI further complicate the
situation. While studies have reported
effects of changes in meal composition
(11), including the effect of alcohol (12)
as well as alterations in gastric emptying

(13) to postprandial glucose excursions
in people with and without T1D, quanti-
tative estimation of effect sizes of these
perturbations on postprandial SI has
been challengingprimarily due tomethod-
ological limitations. A better assessment
of the effect size of these perturbations
on SI could then be incorporated into
existing control algorithms and tested
for safety and efficacy in next-generation
artificial pancreas systems. A challenge
with integrating SI into control algo-
rithms is variability in SI during the day,
as well as within and between individu-
als. Using a triple tracer technique (14),
the existence of a diurnal pattern of SI
in T1D that differs from healthy non-
diabetic subjects (15) has recently been
reported (16). Although these studies
underscored a threefold greater intra-
individual variability of SI in T1D com-
pared with anthropometrically matched
control subjects despite identical exper-
imental conditions, careful analyses of SI
diurnal patterns suggest that approxi-
mately half of T1D subjects demon-
strated rising SI as the day progressed.
Unchanging SI or falling SI comprised the
remaining half in roughly equal propor-
tions. Such variability of diurnal SI is cur-
rently being tested in the University of
Virginia-Padova simulator (2), which has
been accepted by the U.S. Food and Drug
Administration, before incorporation
into algorithms for clinical testing. Inves-
tigations exploring the effects of varying
meal composition on SI are needed to
adequately inform control algorithms.
While there has been an attempt tomea-
sure postprandial glucose turnover after
complex carbohydrate ingestion (11) in
T1D, the interpretation was confounded
by limitations in the applied methods
where the biochemical backbones of
the meal tracer and tracee were dissim-
ilar. However, such efforts will be further
enhanced if prandial insulin dosing is de-
termined not only by the meal carbohy-
drate content, as is the current practice,
but also guided by the proportions of
other noncarbohydrate nutrients, in-
cluding fat and proteins.

Prior reports (13) have examined
the effects of delayed gastric emptying
on postprandial glucose turnover in
healthy and T1D subjects. Research
studies are under way to investigate
the impact of pramlintide to delay gas-
tric emptying on glucose fluxes and SI.
Ongoing studies in T1D subjects will help

Table 1—Examples of clinical contexts
requiring physiologic exploration for
refining the closed-loop algorithm
Time scale of minutes to hours
Mixed-meals with different

macronutrient composition
Gastrointestinal dysmotility
Varying types of physical activity
Alcohol ingestion
Medication effects: ACE inhibitors,

steroids, b-blockers, antidepressants

Time scale of days
Menstruation
Workdays vs. nonworkdays
Working week workdays vs. weekend

workdays
Shift workers

Time scale of months
Weight gain or loss (intentional or

unintentional)
Physical training program
Closed-loop use
Kidney function changes

Life cycle–related issues
Puberty
Menstruation
Pregnancy: first, second, and third

trimester
Menopause
Postmenopausal
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delineate the effects of delayed gastric
emptying on SI to better inform future
generation control algorithms (17).

Exercise
Activity and exercise influences glucose
concentrations in T1D not only during
exercise but also several hours after
exercise leading to late evening and noc-
turnal hypoglycemia (18,19). Even low-
grade exercise mimicking activities of
daily living impacts postprandial glucose
concentrations (20). Different types of
exercise (resistance vs. aerobic) have
contrasting effects on the duration and
severity of acute (21) and delayed (22)
postexercise hypoglycemia. A recent re-
view (23) has identified the importance
of exercise as a major hurdle in current
standard CLC efforts. While there is suf-
ficient evidence to recommend exercise
in the management of T1D (24), the

duration, intensity, and form of exercise
that should be recommended and
whether such interventions would
translate to better outcomes are pres-
ently unclear. A recent meta-analysis
(25) suggests benefits of regular aerobic
training interspersed with brief bouts of
sprinting on glycated hemoglobin con-
centrations and incidence of delayed hy-
poglycemia in T1D. TheAmericanDiabetes
Association does not provide specific
suggestions regarding exercise in T1D,
but recommends carbohydrate inges-
tion if pre-exercise glucose is ,100
mg/dL in insulin-treated individuals (26).

Apart from applying commonsense
tactics to prevent hypoglycemia during
and after exercise in T1D, there have
been few reports that have systemat-
ically examined therapeutic approaches
to mitigate hypoglycemia during and af-
ter exercise in T1D until recently. These
studies have comparedmultiple daily in-
jections with open-loop continuous sub-
cutaneous insulin infusion (CSII) (27),
open-loop CSII with single hormone (in-
sulin) CLC (28), and finally open-loop
CSII with single hormone modular CLC
(4). A recent observational study testing
dual hormone (insulin and glucagon)
CLC systems (8) has shown reduced
rates of hypoglycemia with moderate
exercise. However, none of the CLC sys-
tems were informed by a priori estima-
tion of physiological parameters (i.e., SI)
with subsequent incorporation into and
refinement of the CLC. Such an ap-
proach needs urgent development and
testing to improve the safety and effi-
cacy of current CLC systems.

Prior publications have reported on
the effects of exercise of varying inten-
sity on glucose physiology. These have
included pioneering work by exercise
physiologists using isotope dilution
techniques and glucose clamps predom-
inantly in healthy adults with few recent
reports in patients with T1D (29,30). Ex-
periments (31,32) have demonstrated
that carbohydrate feeding and water in-
gestion during prolonged exercise delay
fatigue and increase neuromuscular
power, partly by preventing hypoglyce-
mia and muscle glycogen depletion.
However, these studies, though ele-
gantly designed, were all performed in
healthy individuals and did not involve
attempts to measure the effect size on
glucose concentrations during or after
exercise. Recently, Fahey et al. (29)

demonstrated that a short sprint in-
creased plasma glucose levels due to a
decline in glucose uptake in both
healthy and T1D individuals.

Exercise increases glucose uptake
through both insulin-dependent and
-independent mechanisms and that en-
dogenous glucose production (EGP)
must increase to meet the increased
metabolic demands of the exercising
muscle to prevent hypoglycemia (33–
36). These changes in glucose fluxes
are facilitated by falling insulin and ris-
ing glucagon and catecholamine levels
during exercise in healthy individuals
(37). In the only human study comparing
individuals with and without T1D during
moderate and high intensity exercise,
Petersen et al. (30), applying magnetic
resonance technology, determined that
compared with healthy individuals T1D
had higher rates of EGP, which was en-
tirely due to increased gluconeogenesis.
However, as in prior investigations, lack
of development of physiological models
of insulin action and glucose uptake dur-
ing exercise of varying intensities pre-
cludes quantification of the effect of
exercise on SI, especially in T1D. This
represents a significant knowledge gap
with potentially large effect size to en-
hance currently available CLC algo-
rithms. A recent study in healthy
individuals undergoing moderate grade

Figure 1—Plasma insulin, glucagon, and glu-
cose concentrations; meal rate of appear-
ance of ingested carbohydrates; and rates
of endogenous glucose production in con-
trol (blue) and T1D (red) subjects after
a mixed-meal containing 50 g of carbohy-
drates (glucose). Data obtained from refs.
15 and 16 for the breakfast meal. The
shaded parts represent differences between
control and T1D subjects that could be tar-
geted with informed algorithms.

Figure 2—Anticipated plasma insulin and
glucose concentrations and changes in rates
of endogenous glucose production during
stress in control (blue) and T1D (red) sub-
jects. The shaded parts represent estimated
differences between control and T1D sub-
jects that could be targeted with informed
algorithms.
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exercise (50% VO2max) 2 hours after a
mixed-meal reported 75% increase in SI
(38). This was due to an exercise-induced
increase in peripheral SI and was accom-
panied by a doubling of glucagon concen-
trations and an eightfold increase in rates
of hepatic glucose production (Fig. 3). The
increase in SI with exercise has been in-
corporated into the CLC simulator and
experiments run in silico on virtual pa-
tients with T1D simulating identical ex-
perimental conditions as above. Various
bolus and basal insulin adjustments
are being simulated with responses ana-
lyzed using control-variability grid ana-
lyses (39) for refinement of current
generation CLC. Sophisticated models
are needed to determine the extent of
insulin-independent effects of exercise
on glucose excursions.

However, there are currently limited
data on exercise physiology in T1D and
in particular, there are no studies that
have measured whole-body SI in T1D
during sustained or intermittent exer-
cise before and after a training period.
Such studies are therefore sorely
needed to better understand exercise
effects on carbohydrate physiology in
T1D that could help further inform and
refine future CLC algorithms.

Stress/Intercurrent Illness
Mental stress and intercurrent illnesses
affect glucose control through periph-
eral and hepatic insulin resistance leading
to hyperglycemia induced by cytokine
and stress hormones (e.g., catechol-
amine, glucocorticoids). Figure 2 shows
anticipated changes in metabolic param-
eters induced by stress. Systematic in-
vestigations are necessary to assess the
effect size, reproducibility, and interindi-
vidual variabilities on glucose concentra-
tions and the remedial factors (e.g.,
increasing insulin delivery rates based
on changes to SI) to inform and refine
next-generation CLC algorithms.

BIOLOGICAL FACTORS

Dawn Phenomenon
Although perturbations induced by
meals and exercise are a major factor
for daytime glucose variability, the pu-
tative dawn phenomenon could contrib-
ute to nocturnal glucose variability in
T1D. A better understanding of the fre-
quency (every night), prevalence (every
patient with T1D), and causes (cortisol,
growth hormone) of this phenomenon
(40), and additional investigations of
modulators that could determine the ef-
fect size and predictability of dawn
(sleep pattern, antecedent exercise,
bedtime snacks, antecedent hypoglyce-
mia, etc.) would inform next-generation
algorithms if effect size is substantial.
We are currently conducting studies in
T1D subjects that are designed to exam-
ine the effect sizes of some of these fac-
tors. Subsequently, based on effect sizes
and simulation, decisions will be made
regarding further human studies before
individualizing the control algorithm or
proceeding directly to control system
use.

Sex Steroids
A large gap currently exists in our under-
standing of the effects and effect sizes
of physiological and pharmacological

changes in sex steroids on carbohydrate
metabolism in T1D. These include physi-
ological hormonal changes that occur dur-
ing puberty, menstrual cycle, pregnancy,
and menopause, and pharmacological
changes due to hormone-replacement
therapies. As clinicians, we routinely en-
counter patients with T1D with changes
in insulin requirements that occur often
with puberty, menstruation, and meno-
pause, and always occur during preg-
nancy. It is also widely known that due
to fetal and maternal risks, tight mater-
nal glucose control is required from con-
ception to delivery in all pregnant
women with T1D. To do so, considerable
resources and expertise are used to care
for a mother with T1D throughout preg-
nancy and in the postpartum period.
While some studies in healthy women
have shown no effects of menstruation
on insulin action (41), others (42) have
noted alterations in insulin action and
secretion and glucose effectiveness.
Studies in T1D have been sparse (43),
showing subtle decrease in insulin action
during the follicular phase. A recent
study using CLC and dual isotope tech-
nique to measure postprandial glucose
turnover (44) demonstrated hepatic
and peripheral insulin resistance during
late versus early pregnancy in a cohort of
T1D. However, systematic examination,
using robust state-of-the-art techniques,

Figure 3—Observed plasma insulin, gluca-
gon, and glucose concentrations; rates of
glucose disappearance; and endogenous
glucose production in control (blue) sub-
jects (data obtained from ref. 38) and esti-
mated changes in these parameters in T1D
(red) subjects after a mixed-meal containing
75 g of carbohydrates (glucose) with 50%
VO2max exercise for 75 min, starting 2 h after
the meal. The shaded parts represent antic-
ipated differences between control and T1D
subjects that could be targeted with in-
formed algorithms.

Figure 4—Expected plasma insulin and glu-
cose concentrations and rates of endoge-
nous glucose production in control (blue)
and T1D (red) subjects after alcohol intake.
The shaded parts represent anticipated
differences between control and T1D sub-
jects that could be targeted with informed
algorithms.
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to estimate the effect sizes of puberty,
menstruation, pregnancy, menopause,
and hormone-replacement therapy on
parameters of insulin action are needed
before individualized next-generation
control algorithms in T1D could reliably
and safely be used, especially during
pregnancy. While there has been emerg-
ing interest on use of CGM in pregnancy
and labor (45), widespread use of mod-
ern diabetes technology has been lim-
ited in the pregnant adult.

HYPOGLYCEMIA

Hypoglycemia is a major limiting factor
for optimal management of T1D with
conventional insulin therapies. While
short-term CLC clinical trials with single
hormone (insulin) and dual hormone
(insulin and glucagon) therapies have
shown reduction in time spent in hypo-
glycemia (4–6,8) compared with con-
ventional therapy, we need to better
understand the factors that determine
hepatic glucagon sensitivity in T1D.
These factors include hepatic glycogen
content, antecedent hypoglycemia, and
prevailing glucose and insulin concen-
trations, etc. Investigations exploring
the effects of such modulators of he-
patic glucagon action (by stimulating
glycogenolysis) are needed so that algo-
rithms could be adequately informed for
not only treatment of (impending) hy-
poglycemia but also prevention of hypo-
glycemia in the first place. A recent
approach (46) has highlighted the effi-
cacy of discontinuing insulin infusion
based on CGM trends to lower hypogly-
cemia frequency.

GLUCOSE SENSOR ISSUES

A necessary prerequisite of an effective
CLC algorithm is accurate continuous glu-
cose sensing accomplished by CGMs that
measure interstitial fluid (ISF) glucose
concentrations through subcutaneously
placed glucose-sensing probes. While al-
gorithms, insulin delivery devices, and
faster insulin preparations are being con-
stantly refined, such initiatives are limited
in the glucose-sensing arenada critical
initial component of any effective artifi-
cial pancreas system. In fact, some cur-
rent control algorithms for artificial
pancreas include adjusting for inaccuracy
and the putative delay inherent to CGM
sensing as an independent module.
While there have been reports

(47,48) that have attempted to examine

the temporal relationship between
changes in plasma glucose concentra-
tions to ISF glucose concentrations in
subjects with and without diabetes
(suggesting a time delay of 4–50 min,
but with significant variability across
published reports), detailed analyses of
the kinetics of glucose from the intra-
vascular compartment across the vessel
wall and into the ISF compartment has
not been performed in humans. There is
one report (49) that has used fluores-
cein kinetics between vascular and ISF
compartments and found a 2–4 min de-
lay between the two compartments
after a bolus dose. Others (50) have
used microdialysis to examine the ef-
fects of insulin on adipose tissue glucose
disposal without examining glucose ki-
netics. Hence, the relevance of these
observations to glucose kinetics across
the vascular wall is speculative at best.

An assessment of these physiological
variables is crucial before the accuracy
of CGM devices could improve and help
shorten the delay that is purported to
occur across compartmental barriers
(48,51). A better understanding of the
kinetics of subcutaneous glucose trans-
port (i.e., delay of glucose transport
from the vascular system across the
capillaries into the ISF) will lead to the
development of next-generation CLC al-
gorithms. In a study using glucose iso-
topes and microdialysis techniques, the
estimated mean time lag of appearance
of tracer glucose into the ISF after intra-
venous bolus was between 5.3 and 6.2
min in healthy adults in the overnight
fasted state (52). Furthermore, the ef-
fects of meals, exercise, insulin adminis-
tration, hypoglycemia, hyperglycemia,
obesity, and other variables on the pu-
tative time lag between blood and CGM
glucose changes are currently being sys-
tematically examined in ongoing stud-
ies, and will need to be tested in silico
before conducting clinical trials when
appropriate to enable development of
next-generation algorithms incorporat-
ing these changes. Nevertheless, based
on analyses of glucose patterns derived
from CGM and insulin infusion rates de-
rived from insulin pump, a recent report
tested the validity of a novel index of
postprandial SI in T1D subjects (53).
This index requires further field testing
before incorporation into algorithms.

Furthermore, medications like Tyle-
nol are known to interfere with CGM

measurements, thereby providing erro-
neous ISF glucose readings. Ongoing
experiments are currently examining
the effect size of such interferences in
T1D. Further studies are necessary to
better understand the cause and na-
ture of this interference, not only with
Tylenol but with other pharmaceuticals
commonly used in the management of
T1D, for next-generation CGM devices
that use enzymatic and nonenzymatic
approaches for CGM.

DIFFERENT REMEDIES FOR HYPER-
AND HYPOGLYCEMIA

As mentioned above and as depicted in
Figs. 1 and 2, the physiological conse-
quence of both meals and stress is hyper-
glycemia. Meal-induced hyperglycemia
results predominantly due to the diges-
tive process leading to meal glucose ap-
pearance, stimulation of glucose uptake
due to insulin secretion (in a nondiabetic
person) or infusion (in a T1D subject),
and suppression of endogenous glucose
production brought about by the normal
postprandial suppression of glucagon se-
cretion resulting in net improved SI. In
contrast, stress induces hyperglycemia
through stimulation of stress hormones
and cytokines secretions that increases
hepatic glucose production and reduces
peripheral glucose uptake leading to
worsening SI. Hence, although the net
effect of both meals and stress is hyper-
glycemia, in the former scenario, SI
increases; while in the latter, SI de-
creases. Hence, the controller will need
to be adequately informed and trained
to distinguish between the different sit-
uations by appropriate rapid changes to
SI, insulin on board, or correction factors
based on multimodality inputs or cues
(e.g., meal announcement and/or heart
rate or cutaneous sweat sensors).

On the other hand, as shown in Figs. 3
and 4, hypoglycemia can be a conse-
quence of either exercise or alcohol
consumption, respectively. The former
is due to enhanced exercise-induced
insulin-dependent and -independent
peripheral glucose uptake leading to in-
creased peripheral SI as simultaneously
hepatic glucose production increases
due to glucagon counterregulatory ef-
fects. Alcohol effect is, however, predom-
inantly due to suppression of hepatic
glucose production by alcohol inhibition
of gluconeogenesis, thereby enhancing
hepatic SI. Hence, although the net effect
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of both exercise and alcohol is hypoglyce-
mia, in the former scenario, peripheral SI
increases but hepatic SI decreases, while
in the latter, hepatic SI increases with lit-
tle or no effects on peripheral insulin ac-
tion. Hence, the controller once again will
need to be adequately informed to distin-
guish between the different scenarios by
appropriate changes to SI, insulin on
board, or correction factors, with or with-
out glucagon delivery, based on multi-
modality inputs or cues (e.g., exercise
announcement, accelerometer/heart
rate inputs, and alcohol announcement).
Control strategies could also exploit the
rate of change of glucose that may
be unique. For example, the rate of de-
crease in glucose achieved by moderate
or strenuous physical activity is unique and
not matched by any other physiological
situations.

HORMONE DELIVERY FACTORS

Current limitations in single- and dual-
hormone CLC systems include delay in
insulin action after subcutaneous ad-
ministration and the instability of gluca-
gon in solution. Apart from the inherent
delay in insulin kinetics due to time lag
of insulin absorption from the subcuta-
neous depots, factors that potentially
aggravate the delay in insulin action in-
clude local lipohypertrophy, edema, and
fibrosis at insulin injection sites. Instabil-
ity of glucagon in solution relates to fi-
bril formation and consequent loss of
biological efficacy. Such drawbacks will
hopefully soon be overcomewith faster-
acting insulin from local heating of in-
jection sites (54), intraperitoneal route
of insulin delivery (55), and more stable
glucagon formulations (56).

CONCLUSIONS

There is a critical need for a better and
more complete understanding of insulin-
glucose-glucagon physiology in condi-
tions that mimic the free-living situation
to the extent possible in T1D thatwill help
refine and improve futureCLC algorithms.
Further studies directed at understanding
the role of the nervous system (brain, au-
tonomic system) on glucose regulation in
T1D should also enhance future genera-
tion CLC algorithms. Perturbations with
large effect sizes, for example on SI,
then need to be tested in the simulator
to provide the algorithmwith stipulations
and guidelines that would help inform
andmodify the controller for adjustments

in rates of insulin and/or glucagon deliv-
ery. It is important to underscore that the
ideal CLC algorithm may ultimately need
to account for all or some of these per-
turbations occurring simultaneously.
Each perturbation could be introduced
into “simulations,” and ultimately only
key ones with large effect sizes would
be included in the control system, awork-
ing model that engineers do for most or
all machine systems.

Development, validation, and incor-
poration of such physiological models
into control algorithms after adequate
in silico testing followed by randomized
clinical trials will pave the way for fully
automated systems to treat patients
with T1D as we approach a century after
the iconic discovery of insulin!
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