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Abstract

Background:

Clinical studies have shown that the Medtronic proportional-integral-derivative (PID) control with insulin
feedback (IFB) provides stable 24 h glucose control, but with high postprandial glucose. We coupled this algorithm
to a Food and Drug Administration-approved type 1 diabetes mellitus simulator to determine whether a
proportional-derivative controller with preprogrammed basal rates (PDgasar) would have better performance.

Methods:

We performed simulation studies on 10 adult subjects to (1) obtain the basal profiles for the PDgysa; controller;
(2) define the pharmacokinetic/pharmacodynamic profile used to effect IFB, (3) optimize the PID and PDgagap
control parameters, (4) evaluate improvements obtained with IFB, and (5) develop a method to simulate changes
in insulin sensitivity and assess the ability of each algorithm to respond to such changes.

Results:

PDgasar control significantly reduced peak postprandial glucose [252 (standard error = 11) versus 279 (14) mg/dl;
p < .001] and increased nadir glucose [102 (3) versus 92 (3) mg/dl; p < .001] compared with PID control (both
implemented with IFB). However, with PDgssa; control, fasting glucose remained elevated following a 30%
decrease in insulin sensitivity [156 (6) mg/dl; different from the target of 110 mg/dl; p < .001] and remained
below target following a 30% increase in insulin sensitivity [84 (2) mg/dl; p < .001]. In both cases, PID control
returned glucose levels to target.

Conclusions:

PDgasar provides better postprandial glucose control than PID but is not appropriate for subjects whose basal
requirements change with insulin sensitivity. Simulations used to compare different control strategies should
assess this variability.

J Diabetes Sci Technol 2012;6(6):1401-1412

Author Affiliations: 'DoD Biotechnology High-Performance Computing Software Applications Institute, Telemedicine and Advanced Technology
Research Center, U.S. Army Medical Research and Materiel Command, Fort Detrick, Maryland; and *Children’s Hospital Boston, Boston, Massachusetts

Abbreviations: (BG) blood glucose, (GF) gain factor, (IFB) insulin feedback, (PD) pharmacodynamic, (PDgysa1) proportional-derivative controller
with preprogrammed basal rates, (PID) proportional-integral-derivative, (PK) pharmacokinetic, (UVA) University of Virginia

Keywords: blood glucose, closed-loop control, insulin delivery, insulin feedback, proportional gain, safe operating region, type 1 diabetes mellitus
simulator

Corresponding Author: Jaques Reifman, Ph.D, DoD Biotechnology High-Performance Computing Software Applications Institute,
Telemedicine and Advanced Technology Research Center, U.S. Army Medical Research and Materiel Command, ATTN: MCMR-TT, 504 Scott St.,
Fort Detrick, MD 21702; email address jaques.reifman@us.army.mil

1401



Use of a Food and Drug Administration-Approved Type 1 Diabetes Mellitus
Simulator to Evaluate and Optimize a Proportional-Integral-Derivative Controller

Laxminarayan

Introduction

Closed—loop control of blood glucose (BG) concentration
has been evaluated in numerous clinical studies of
individuals with type 1 diabetes mellitus.® To be
effective, closed-loop control should establish fasting
target glucose (~100 mg/dl) while minimizing hypoglycemia
(glucose < 60 mg/dl) and postprandial hyperglycemia
(glucose > 180 mg/dl). Metabolic simulators using
detailed models of the glucose-insulin system enable the
analysis, testing, and validation of the ability of different
control strategies to achieve these goals and can replace
expensive animal studies. Presently, the University of
Virginia (UVA) simulator designed by Kovatchev and
coauthors’ is the only simulator approved by the Food and
Drug Administration for this purpose. This simulator
has been used to evaluate different control strategies.!%-15

Three clinical studies performed to date!® have used the
Medtronic proportional-integral-derivative (PID) control
algorithm. The PID algorithm was initially modeled
on the B-cell response and is referred to as physiologic
insulin delivery.!® It was adapted for use with sub-
cutaneous insulin delivery using a low-order identifiable
virtual patient model,"” with preclinical validation done
in diabetic canines.!® A premeal priming bolus of insulin
was later shown to improve postprandial control.?
Insulin feedback (IFB) was added based on the argument
that pB-cell insulin secretion is inhibited by insulin
concentration. The IFB mechanism was also adapted for
use with subcutaneous insulin delivery using a low-order
virtual patient simulator,” and preclinical validation was
again performed in diabetic canines,"” with a subsequent
clinical study® confirming the predicted improvement
in control.

The PID control algorithm incrementally adjusts an
individual’s basal rate to allow glucose levels to return
to a desired target level. However, it has not been
determined whether such adjustments are necessary
for individuals with known optimal basal rates. In such
a scenario, a proportional-derivative controller with a
fixed optimal basal rate (PDgasa;) might provide better
glycemic control. The primary goal of the present
investigation was to use the UVA simulator’ to determine
whether the PDgygap controller, which uses precalculated
basal rates of 10 simulated subjects with IFB, can perform
better than the latest version of the PID algorithm.?
As a secondary goal, we sought to define a safe operating
region for the algorithm gain, which controls the
amount of insulin delivered, to ensure avoidance of both

excessive hyperglycemia (glucose > 180 mg/dl for >4 h)
and hypoglycemia (glucose < 60 mg/dl).

Methods

We performed five simulation studies using the 10 virtual
adult subjects (aged 23-77 years) provided by the UVA
simulator. In study 1, we determined the 24 h basal
profiles needed for PDgygsap control (see Appendix A for
algorithm equations and parameters). In study 2, we
obtained the pharmacokinetic (PK)/pharmacodynamic
(PD) profiles used to configure the PID controller and
effect IFB. In study 3, we optimized the gain for each
controller and compared postprandial responses. We also
determined a safe operating range for the gain, with
the minimum gain being the value needed to prevent
excessive hyperglycemia (>180 mg/dl for >4 h) and
the maximum gain being the value for which no
hypoglycemia (<60 mg/dl) was observed in any subject.
In study 4, we evaluated the ability of IFB to improve
the postprandial glucose response obtained with each
controller. Finally, in study 5 we assessed the ability
of each controller to normalize glucose levels following
changes in insulin sensitivity. For all studies, we report
the plasma glucose levels synonymous with BG. We provide
details for each study here.

Study 1

Individual basal profiles were calculated from the steady
state solution of the UVA model equations” We confirmed
by simulation that the calculated basal rates yielded
stable 24 h BG at the desired target (110 mg/dl) in the
absence of meals, returned BG to target following a
breakfast meal (100 g) given at 07:00 h (24:00 h clock)
without additional insulin, and returned BG to target
following the same breakfast meal but with an optimal
insulin bolus given at the time of the meal. We defined
the optimal insulin bolus as the bolus that would reduce
postprandial BG below 180 mg/dl as rapidly as possible
without generating nadir BG below 70 mg/dl.

Study 2

Plasma insulin concentrations and the glucose infusion
rate required to maintain glucose concentration at
110 mg/dl following a 0.2 U/kg body weight bolus of
insulin? at 07:00 h were obtained by simulation (PK/PD
profiles). From these curves, time constants used to effect
IFB (v, T, and 13 see Appendix A) were estimated by
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simultaneously fitting a low-order three-compartment
model [Equation (A2)] to all 10 subjects.

Study 3

For each controller, the proportional gain (Kp) was
determined by multiplying the subject’s daily insulin
requirement [see Equation (B1) in Appendix B] by a
gain factor (GF). To obtain an optimal value for GF, we
minimized the area above 180 mg/dl and below a lower
bound that was determined by simulation to ensure
glucose = 70 mg/dl for all subjects [see Equation (B2)
in Appendix B]. For the PID controller, the integral
component was initialized to the subject’s 06:00 h basal
rate, obtained from study 1 and allowed to change with
integration time (Tj) set to 450 min during the day and
150 min during the night, as previously reported.!
For the PDgagsr controller, the basal rates were fixed to
the values determined in study 1. For both controllers,
the derivative time (Tp) was set to the time constant of
the insulin effect (t3) estimated in study 2. The PID and
PDgasar  controllers were then compared using peak
postprandial BG, nadir postprandial BG, time above
180 mg/dl (Tzg.igo [h]), and area above 180 mg/dl
(AUCgg.15 [g/h/dl]). A safe range for GF was determined to
ensure that no subject would remain above 180 mg/dl for
>4 h (minimum GF) or go below 60 mg/dl (maximum GF).

Study 4

Insulin feedback was effected with time constants T,
and T, determined in study 2, and IFB gains (y; and v,
Appendix A) were calculated to effect a 50% reduction
in the apparent peak PK response time."” The same IFB
was applied to both the PID and PDgasa; controllers.
Postprandial control with and without IFB were compared
using the performance metrics described in study 3.

Study 5

Changes in insulin sensitivity were simulated by
increasing the calculated insulin delivery rate for each
controller by a factor of 1.3 (equivalent to a 30% increase
in insulin sensitivity) or 0.7 (equivalent to a 30% decrease
in insulin sensitivity) at 22:00 h on the first night and
continuing the simulation until the fourth day (steady
state). Steady state glucose, analogous to fasting glucose,
was compared with target glucose to determine if the
controllers could renormalize BG to target.

Statistics

Data are reported as means (standard errors) unless
otherwise noted. Parameters estimated from least squares
fitting are reported as means and fractional standard

deviations,?! which, when low, indicate a robust estimate.
Model fits are reported with the estimated coefficient
of determination? (R?), high values of which indicate
goodness of fit. Comparisons between controller type
(PID versus PDgpsar) and control with and without IFB
(PID versus PIDygs; PDpagar versus PDgasarprs) were
performed using two-way repeated-measures analysis
of variance with post hoc comparisons corrected for
multiple comparisons following the Siddk method.?2
P values < .05 were considered significant, with exact
values reported when available (p < .001 reported as
such). University of Virginia simulator version 20110609
was used to perform the simulations. The simulator
equations’ were implemented in MATLAB® (version
R2011b, The Mathworks Inc., Natick, MA) to facilitate the
optimization of control parameters. Two-way repeated-
measures analysis of variance was performed using
GraphPad Prism version 6.00 for Windows (GraphPad
Software, San Diego, CA); other statistics were performed
using MATLAB.

Results
Study 1

Each subject was determined to require a fixed “24 h”
basal rate (Table 1) to achieve stable BG at target in the
absence of meals (Figure 1, circles). Blood glucose levels
returned to target after a meal (100 g) consumed either
with or without an optimal meal bolus (Figure 1) with
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Figure 1. Simulated meal response with (green curve, open squares)
and without (blue curve, asterisks) an optimal meal bolus. Plot shows
means (standard errors) of the glucose response of the 10 subjects.
Meal simulations were performed with basal rates calculated to
maintain glucose at target in the absence of a meal (black line, open
circles). The optimal meal bolus was calculated to yield nadir BG = 70
mg/dl for each subject.
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peak postprandial glucose significantly lower with the
optimal bolus [209 (9) mg/dl with the optimal bolus
versus 297 (29) mg/dl without the optimal bolus; p < .001].

Study 2
Peak insulin concentration and effect (PK/PD) were
delayed after the insulin bolus [Figure 2; 50 (3) and 130

(10) min, respectively]. The three-compartment model
[Equation (A2)] fit the PK/PD profiles well [Figure 2;
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Figure 2. PK/PD responses of the 10 simulated subjects after 0.2 U/kg

insulin bolus. The left axis represents means (standard errors) of
plasma insulin PKs (asterisks) and the corresponding PK model fit
(solid curve). The peak response time was 50 (3) min. The right axis
represents means (standard errors) of glucose infusion rates (circles)
and the corresponding PD model fit (dashed curve). The peak response
time was 130 (10) min.

Table 1.
Total Daily Dose of Insulin and Body Weight of 10 Subjects (Provided by University of Virginia Simulator)

median R? = 098, (range 0.75, 0.99) and 0.94 (range 0.40,
0.99) for PK and PD, respectively]. The PK/PD time
constants (108, 17, and 98 min) were well estimated by
the model (fractional standard deviation 11.7%, 18.6%,
and 12.9% for T, T, and T, respectively).

Study 3

Optimal GFs for PID and PDgagap controllers were
estimated as 0.0026 and 0.0150 kg/day/h per mg/dl,
respectively (Figure 3, solid curves). For the PID controller,
the maximum GF was estimated as 0.0090 kg/day/h
per mg/dl (Figure 3A, dashed curve), but a minimum
GF could not be defined, as BG did not return below
180 mg/dl within 4 h for any value of GF that satisfied
the condition that nadir BG remain above 70 mg/dl
for all subjects. For PDgasap control, the safe region
for GF was estimated to be between minimum and
maximum values of 0.0135 and 0.0210 kg/day/h per mg/dl
(Figure 3B, thick and dashed curves), respectively.

Study 4

Effecting a 50% reduction in the apparent PK delays (see
Appendix A), with IFB, the peak postprandial BG was
reduced (Figure 4, circles versus squares; Table 2) for
both PID [PIDyg versus PID, 279 (14) versus 284 (14) mg/dl;
p < .001] and PDgasar [PDgasaryrs) versus PDpagsar, 252 (11)
versus 262 (12) mg/dl; p < .001] controllers.

PDgasar control resulted in lower peak postprandial BG
compared with PID control (see Figure 4 and Table 2)
implemented with [252 (11) versus 279 (14) mg/dl;

with Basal Rates (Constant), Optimal Insulin Boluses for 100 g Breakfast, and Carbohydrate-to-Insulin Ratio

Determined by Simulation

Subject Total daily dose Body weight Basal Optimal bolus for 100 g meal Carbohydrate-to-insulin ratio

(U/day) (kg) (U/h) &) (1)
1 50.4 102 1.7 9.5 10.5
2 57.9 111 1.9 141 9.0
3 56.4 82 21 11.8 8.5
4 33.8 63 2.0 6.4 15.6
5 68.3 94 21 18.7 5.3
6 61.4 66 2.4 10.5 9.5
7 42.0 91 1.9 4.4 22.7
8 42.8 103 1.5 7.0 14.3
9 67.2 75 1.6 12.9 7.8
10 64.4 74 2.4 14.8 6.8

Mean (SD) 54.5 (11.8) 86 (17) 2.0 (0.3) 10.7 (4.2) 11.0 (5.2)

J Diabetes Sci Technol Vol 6, Issue 6, November 2012

1404

www.journalofdst.org



Use of a Food and Drug Administration-Approved Type 1 Diabetes Mellitus

Simulator to Evaluate and Optimize a Proportional-Integral-Derivative Controller

Laxminarayan

A

Plasma glucose (mg/dl)

320 f
290 f
260
230 f
200 f

—— Optimal GF

Maximum GF .

Mean (N = 10); Optimal GF

170 |
140 |

110

80

\ ;| Worst subject's nadir* « 2]

50

M # glucose > 60 mg/dL ke

9 12 15 18 21 24 3 6 9 12

Clock (h)

320 f
290
260
230
200
170 f
140

110

80

50

AN

4 h—

———  Minimum GF
—— Optimal GF

Maximum GF | ]

Mean (N = 10); Minimum GF

\ ,” Worst subject's nadir
N e glucose > 60 mg/dL

9 12 15 18 21 24 3 6 9

12
Clock (h)

Figure 3. Postprandial glucose control with gain (Kp; U/h per mg/dl) set in proportion to each subject’s daily insulin requirement, via a GF.
For (A) PID control and (B) PDgysa;. control, blue thin solid curves show response obtained at optimal settings (optimal GF) and red dashed
curves show worst case subject at the upper region of safe control (maximum GF). For PDgasa;. control, the green thick solid curve shows the
response at the lower region of safe control (minimum GF). For PID control, no GF prevented BG from remaining above 180 mg/dl for longer
than 4 h and nadir BG from falling below 70 mg/dl.
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Figure 4. Glucose response to a 100 g meal given at 07:00 h: (A) comparison of PID and PDgysa;. control without IFB and (B) comparison of PID
and PDgaga; control with IFB.

p < .001] or without [262 (12) versus 284 (14) mg/dl
p < .001] IFB. Insulin feedback increased nadir BG levels
for PDgasares [102 (3) versus 91 (3) mg/dl; p = 0.001]
compared with PDg,gsp, but not for PID compared with
PIDy (Table 2). Tpg.igp and AUCpg.150 Were significantly
lower with PDgga; and PDgasar e (Table 2).

Study 5

For PID control, increasing insulin sensitivity by 30% at
22:00 h caused a decrease in BG and pump suspension
at ~03:00 h. After pump suspension, 3 of the 10 subjects
showed a substantial hyperglycemic rebound (worst case
shown in Figure 5). Based on these observations, we
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adjusted the integrator windup protection rules
[Equation (A1)] to have Iyaxa = 1.4 x Byax and Iyaxg =
0.7 x Byax and suspended the pump when BG fell below
70 mg/dl. With these rules, no subject’s BG fell below
61 mg/dl.

Table 2.
Performance of Closed-Loop Controllers on the

10 Adult Subjects Compared with the Open-Loop
Response”

Peak BG | Nadir BG | Tggs1s0 | AUCgg-180

Control type | IFB  “ /| (mg/di) ) (g/h/dl)
Open-loop
5 bolUS 207 (29) | 1100 | 7.8 (1.4) | 119 27)
Open-loop
optimal bolus 209 (9) 73(1) | 1.3(0.4) | 16 (5)

No | 284 (14) 91 @3 |5703) | 85(7)
PID

Yes | 279 (14) 9213 |5503 | 81

No | 262 (12 | 91 (3) |3.8(0.4°| 53 (5P
PDBASAL

Yes | 252 (11)° | 102 3)° | 3.5 (0.4° | 46 (6)°

@ Values are mean (standard error). Two-way repeated-measures
analysis of variance (p < .05) with post hoc comparisons
corrected for multiple comparisons following the method of
Sidak was used to compare PID versus PDgasa. With or without
IFB. Tggs1g0, duration for which BG > 180 mg/dl; AUCgg.1g0, area
under the curve when BG > 180 mg/dl.

b |ndicates that PDgasa. Significantly reduced the value of the
tested feature when compared with PID.

¢ Indicates that PDgpga. significantly reduced the value of the
tested feature when both controllers were coupled with IFB.

With the revised rules implemented for all subjects,
decreasing insulin sensitivity by 30% resulted in an
increase in BG that was normalized to target under PID
control (Figure 6A, squares) but not PDgagap control
[Figure 6B, squares; steady state value of 156 (6) mg/dl;
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Figure 5. Hyperglycemic rebound with existing integrator windup
protection rules? (blue solid curve, worst case subject 7) compared
with rebound obtained with modified rules (see text). Hypoglycemia
was avoided with the modified rules (nadir BG 57 versus 61 mg/d],
unmodified versus modified). Responses included a meal (100 g
at 07:00 h) and a 30% increase in insulin sensitivity during night
(starting at 22:00 h).

A
290 f
o— PID
insulin sensitivity +30%
= PID
R I ===
E) 230 insulin sensitivity -30%
©
]
8
3 170 f
C)
@
£
8
& 1108

50

6 1422 6 1422 6 1422 6 1422 6 14 22
Clock (h)

Insulin sensitivity
changes by 30%

B
290
—o— PDgasaL
insulin sensitivity +30%
230 | 5+ PDgasaL
insulin sensitivity -30%

6 1422 6 1422 6 1422 6 1422 6 14 22
Clock (h)

Insulin sensitivity
changes by 30%

Figure 6. Controller responses to +30% changes in subjects” insulin sensitivity at 22:00 h on the first night: (A) PID control and (B) PDgygar.

control. Simulation time > 4 days (114 h).
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difference from target = 46 mg/dl; p < .001]. Similarly,
increasing insulin sensitivity by 30% resulted in an
initial drop in BG that was renormalized to target under
PID control (Figure 6A, circles) but not under PDgygar
[Figure 6B, circles; a steady state value of 84 (2) mg/dl;
difference from target = 26 mg/dl; p < .001].

Discussion

The present study showed PDgygap control to provide
better postprandial plasma glucose management than
PID control, with time spent above 180 mg/dl and total
area above 180 mg/dl significantly reduced (Figure 3).
However, PDgasar, control failed to respond appropriately
to a + 30% step change in insulin sensitivity (Figure 6),
whereas PID control reestablished the target level
despite these changes, albeit at the expense of a higher
postprandial response. Generally, proportional-derivative
controllers only perform well in systems that do not need
to effect a steady state change in the controller response
(here, insulin) to achieve target values.** However, as
most individuals with type 1 diabetes mellitus require
different basal rates to maintain target glucose levels, the
question of when to use PID control rather than PDgsgar
control will depend on whether the difference between
fasting glucose and target achieved with PDgagsp control
is considered clinically significant. A survey conducted
by the Modeling Methodology Workgroup reported that
most investigators considered a steady state error of
15 mg/dl to be relevant.®® Our results clearly showed
that changes in insulin sensitivity of 30% surpassed this
threshold; however, we observed steady state deviations
greater than 15 mg/dl for changes in insulin sensitivity
larger than 20% as well (results not shown). However, as
the UVA simulator does not explicitly account for interday
changes in insulin sensitivity associated with diurnal
changes in hormones or intraday changes associated with
exercise, stress, or altitude,® any change from PID to
PDgagar, control will need to be assessed with clinical studies.

In the present study, we artificially introduced a change
in the effective insulin sensitivity by multiplying the
insulin infusion rate by 0.7 or 1.3, emulating a 30% step
change in insulin. Although step changes are consistent
with how basal rates are set for open-loop pump therapy,
they are at best a weak approximation of more complex
physiology. For example, there is no reason to believe that
diurnal changes in hepatic insulin sensitivity coincide
identically with changes in peripheral tissue sensitivity
or that either effect change occurs instantaneously.?®
Thus, while we determined safe operating regions for
both the PID and PDgasap controllers, these regions may

need further assessment with more realistic representations
of the time course for the changes in a subject’s basal
requirement. Alternatively, they may be assessed by
evaluating the controllers in clinical studies where changes
in insulin sensitivity are induced (see the work Youssef
and coauthors,? for example).

Three additional observations from our results were
surprising: (1) IFB did not result in a substantial improve-
ment in controller performance (Figure 4), (2) pump
suspension yielded an excessive hyperglycemic rebound
in 30% of the subjects (Figure 5), and (3) the time required
to achieve target glucose levels following a change
in insulin sensitivity was much longer than expected.
The first of these was surprising in that previous studies
in diabetic canines,!® low-order simulation models,” and
humans® have all shown IFB to be effective. One possible
reason for this discrepancy is that the previous studies
were based on the PK/PD profile obtained by Mudaliar
and coauthors® that showed a peak PK response time
of 60 min. In the present study, we estimated the peak
PK response to be 41 min. Studies® have generally
reported peak PK response times to be between 45 and
70 min. The importance of having a reasonably accurate
representation of the PK/PD profile was highlighted in
the clinical study performed by El-Khatib and coauthors,®
who showed that closed-loop control could be improved
substantially if the profiles were adjusted to match those
observed in a subset of subjects who had slower PK
profiles than had been expected (time to peak increased
from 33 to 65 min).

The observation that pump suspension results in excessive
hyperglycemic rebound was also surprising in that such
rebounds were not observed in canine,'®!® simulation,!”?>2
or clinical studies.!”® Cengiz and coauthors® specifically
examined the pump suspension rules used here (the
same as those used by Kanderian and coauthors?®) and
concluded that the mechanism was effective in preventing
hypoglycemia. However, they did suggest that a 1 to 2 h
insulin suspension might potentially increase the risk
of hyperglycemia, although they did not observe such
events in their study. A possible reason for the observed
hyperglycemic rebound may be because the simulator
does not explicitly account for sudden changes in insulin
sensitivity. Nonetheless, the simulations identified patients
who could be susceptible to these rebounds as those
requiring a high basal rate with low meal insulin require-
ments [e.g., subject 7, 1.9 U/h with 4.4 U for a 100 g meal;
Table 1; the pump was suspended for 1 h in this subject
(Figure 5)] and provided a means to test alternative rules
for pump suspension.
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Finally, the observation that the controller may require
up to 4 days (114 h) to reestablish the correct basal
rate following a 30% change in insulin sensitivity is
surprising. In the initial clinical study of the algorithm,!
no statistical difference from target was observed after
one night of closed-loop therapy. The prolonged interval
required here likely relates to the low PID control gain
(~0.2 U/h per 100 mg/dl) needed to ensure nadir glucose
> 70 mg/dl for all subjects. For a typical subject, requiring
1 U of insulin to lower glucose by 30 mg/dl, it can be
expected that the controller would almost take 15 h to
deliver the corrective dose. Clinical studies performed to
date using the PID algorithm!= have all used a higher
gain than the optimal value determined here.

We conclude that subjects with constant basal require-
ments may benefit from the use of a proportional-
derivative controller with a fixed basal rate rather than
a PID controller and that subjects with high basal
requirements, needing only small amounts of insulin
to cover meals, may benefit by changes in the rules
governing PID pump suspension. However, as changes
in basal requirements are common in subjects using
pump therapy, we recommend that simulation studies
performed with the UVA simulator include simulations
in which the basal requirement changes. The method
introduced here to effect an acute change in basal
requirement does not require changes to the simulation
code. That is, we simply multiplied the insulin rate
calculated by the controller by a constant > 1 to emulate an
increase in sensitivity and <1 to emulate a decrease in
sensitivity. Changing the amount of insulin delivered by
the control algorithm is indistinguishable from changes
in sensitivity to that insulin. Although we did not show
a substantial benefit of IFB, we found that it did not
degrade controller performance. The simulations confirm
that the PID algorithm can be applied to this cohort
without the risk of hypoglycemia.
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Appendix A: Description of Control Algorithm and Its Parameters

A brief description of the Medtronic PID algorithm (Figure 7)1232¢ is presented in this appendix. The algorithm
includes an order-7 finite impulse response filter with three-cycle/hour cutoff frequency for smoothing the sensor
signal and an order-15 Savitzky—Golay filter for estimating the rate of change of sensor glucose (dSG/dt). Proportional,
integral, and derivative components are calculated separately, as shown in Figure 7. The integral component and
model-predicted plasma and subcutaneous insulin concentrations are initialized to the subject’s open-loop basal
rate at the time control is transferred from open to closed-loop control. This provides a so-called “bump-less transfer”
[PID (0) = BASAL (0)] for subjects whose glucose is stable [dSG/dt (0) = 0] and at target [SG (0) = Target]. To ensure that
the insulin pump is suspended for SG < 60 mg/dl, the integral component is allowed to vary between 0 and an upper
bound Iyax, which varies in a piecewise continuous fashion between two bounds, Iyiaxa and Iyaxs, as follows:

If (SG > WPHIGH)
Ivax = Ivaxa

Else if (SG = WP, o) SG - WP A
Iyax = Ivaxs + (naxa — Ivaxs) Low , (AD

Else if (SG < WP, ow) WP — WPLow

IMAX = IMAXB

where the upper and lower threshold values of glucose for windup protection are WPy = 80 mg/dl and WP, oy =
60 mg/dl, with Iy,xs reported as Kpx[Target — 60].1->?® Different values have been reported for Iyjaxs, with the most
recent value®® reported as twice the subject’s maximum basal rate.

PID PID Meal |
Target + = P K :IFB i UVA BG,ISFG
“ i simulator
- Kez_ || T
" T(z-1) R y
[p 7 (e-T/r1 _ e-T/Tz) z
D: K. T TI'TZ(Z - e_T/rZ) ‘f 7 (Z - e-T/Tl)
« B piD sc
dSG/dt
Derivative [«
SG Low pass
filter

Figure 7. University of Virginia simulator coupled with the Medtronic PID controller. The UVA simulator generates plasma glucose, referred
to as BG in the present report, and interstitial glucose (ISF;) as outputs. ISF; is sampled every minute and filtered with an order-7 finite
impulse response filter® to obtain sensor glucose (SG). The derivative of SG is obtained by filtering ISF; with an order-15 Savitzky—Golay filter.!®
Calculations are shown as a function of the discrete variable z. Integrator windup protection (IWP) limits the integral component to be between 0
and Iyax. PID output is modified by feedback of model-predicted plasma (fp) and subcutaneous (Is0) insulin concentrations.
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Appendix A: Description of Control Algorithm and Its Parameters

Insulin feedback was effected assuming the PK/PD profile of the specific insulin used in the pump is well described
by the following three-compartment model:

lesc = _ISC + ID
Tol, = -1, + Isc (A2)

©lepr = ~lgpr + 1,

where I and I, are plasma and subcutaneous insulin concentrations and I is the effect of insulin on the glucose
concentration, with the dot notation, e.g., Isc, used to represent the respective time derivatives. Time constants t;, T,,
and T3 define how rapidly insulin is absorbed from the subcutaneous insulin delivery site (ID), how fast it is cleared
from the plasma, and the delay in its effect, respectively. As previously described, the model was implemented using
discrete equations (z-transform?*), and gains y; = 74 and y, = - 4.4 were set to effect a 50% reduction in the apparent
values of 1; and T, (pole placement?). ID was quantized to be an integer multiple of 0.1 U bolus at each minute
interval.
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Appendix B: Estimation of the Optimal Gain and Safety Bounds

As previously described,! proportional gain K, was set in proportion to the subject’s total daily dose of insulin, via a
GFE, as follows:

Total daily dose of insulin (U/day)
Kp(U/h per mg/dl) = GF x . (B1)
Subject’s body weight (kg)

We determined GF by minimizing cost function ], which was defined as a weighted average of plasma glucose (BG)
above 180 mg/dl and below a “loose” lower bound (LB), as follows:

J = a|BGs - LB||, + (1 = ) BG.yg — 180]

27 (BZ)

where a is the weighting factor constrained to be between 0 and 1, with a = 0 favoring the reduction of hyperglycemia.
For the proportional-derivative controller with a fixed basal rate, we set LB = 71 mg/dl and varied o in discrete steps
of 0.1, finding a = 09 to be the smallest value that reduced hyperglycemia and at the same time ensured nadir BG
> 70 mg/dl for all subjects. For the PID controller, we varied LB from 71 mg/dl in steps of 1 mg/dl, while keeping
a fixed at 09 and found that LB = 91 mg/dl ensured nadir BG = 70 mg/dl for all subjects.

We defined the maximum GF to be the value that avoids hypoglycemia (BG < 60 mg/dl) for all subjects. To estimate
this bound, we found that LB = 61 mg/dl and o = 0.9 in Equation (B2) ensured nadir BG above 60 mg/dl for all
subjects, with both PID and proportional-derivative controllers.

We defined the minimum GF to be the value that ensures postprandial BG stays above 180 mg/dl for at most 4 h. To
estimate this bound, we minimized the following cost function:

]1 = |TBG>180 -4, (B3)

where Tpg.ig0 is the mean time (in hours) across the 10 subjects when BG of all subjects was above 180 mg/dl. Note
that, for the PID controller, this criterion could not be met (study 3).
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