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Abstract

Background:

We have previously used insulin feedback (IFB) as a component of a closed-loop algorithm emulating the  cell.
This was based on the observation that insulin secretion is inhibited by insulin concentration. We show here
that the effect of IFB is to make a closed-loop system behave as if delays in the insulin pharmacokinetic (PK)/
pharmacodynamic (PD) response are reduced. We examine whether the mechanism can be used to compensate
for delays in the subcutaneous PK/PD insulin response.

Method:

Closed-loop insulin delivery was performed in seven diabetic dogs using a proportional-integral-derivative
model of the § cell modified by model-predicted IFB. The level of IFB was set using pole placement. Meal responses
were obtained on three occasions: without IFB (NONE), reference IFB (REF), and 2xREF, with experiments
performed in random order. The ability of the insulin model to predict insulin concentration was evaluated
by correlation with the measured profile and results reported as R% The ability of IFB to improve the meal
response was evaluated by comparing peak and nadir postprandial glucose and area under the curve (AUC
repeated measures analysis of variance with post hoc test for linear trend).

Results:

Insulin concentration was well predicted by the model (median R? = 0.87, 0.79, and 0.90 for NONE, REF, and
2xREF, respectively). Peak postprandial glucose (294 + 15, 243 + 21, and 247 + 16 mg/dl) and AUC (518.2 + 36.13,
353.5 + 45.04, and 280.3 + 39.37 mg/dl-min) decreased with increasing IFB (p < .05, linear trend). Nadir glucose
was not affected by IFB (76 + 5.4, 68 + 7.3, and 72 + 4.3 mg/dl; p = .63).

Conclusions:

Insulin feedback provides an effective mechanism to compensate for delay in the insulin PK/PD profile.
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Introduction

Closed—loop insulin delivery systems can potentially
normalize blood glucose profiles in individuals with
type 1 diabetes mellitus (TIDM). A system linking sub-
cutaneous (SC) glucose sensing with SC insulin delivery
is widely thought to be a viable means to achieve this goal,
with numerous clinical studies having been performed
to demonstrate the feasibility of the approach.'” Still,
the use of SC site increases the complexity of the
control problem,® as delays in the pharmacokinetic (PK)/
pharmacodynamic (PD) insulin response’!' and to a
lesser extent the SC glucose response,!? can lead to sub-
optimal control. Medtronic has approached the problem
through the use of digital filters to correct for the SC
glucose delay!? and with a proportional-integral-derivative
(PID) algorithm modified by insulin feedback (IFB)"!3
to compensate for delays in the insulin PK/PD profile.
The PID algorithm was initially chosen based on the
observation that its response to a step change in blood
glucose was similar to the B cell's.*'® The algorithm
was later modified to include a meal bolus emulating the
B cell's cephalic phase response!” and a feedback term
emulating the effect of insulin concentration to inhibit
insulin secretion.’® Clinical closed-loop studies showed
improvement in the closed-loop response with each
successive modification (References 5-7, respectively).

Although the algorithm was developed with the intent to
emulate the p cell, the underlying PID control equations are
well established in control theory,® and the theoretical
effect of adding a feedback term proportional to plasma
insulin concentration can be derived from this same
theory. Essentially, the expected effect is to make the
combined system—controller plus subject—behave as if
the insulin PK response is faster. The extent to which the
PK response is made to appear as if it is faster can be
set by adjusting the IFB gain using a technique known
as pole placement? although practical limitations
do exist. In the present work, we look to derive the
theoretical framework underlying the pole-placement
approach and to show in an animal model of TIDM that
the modification produces the expected improvement in
closed-loop performance.

Methods

Modification of Proportional-Integral-Derivative
Insulin Delivery By Insulin Feedback

The PID equations describing insulin secretion'® used in
previous clinical studies of closed-loop insulin delivery

have been described in detail.>° Briefly, they are as

P(n) = Kp[SG(n) — target]

I(n) = I(n — 1) + Kp/T; - [SG(n) — target]
D(n) = Kp - Tp - dSGdt(n) '
PID(n) = P(n) + I(n) + D(n)

@

In Equation (1), n denotes the minute-to-minute intervals
at which sensor glucose (SG) is available, dSGdt(11) denotes
the rate of change of SG, Kp defines the algorithm gain,
and, Tp and T, define the relative amounts of insulin
delivered in what would be analogous to first- and second-
phase B-cell insulin secretion.!® Gain (Kp) was set in
proportion to the animal’s daily insulin requirement
(DIR; U/kg/day; Kp = 0.01125 x DIR), and T; and Tp
were set to 450 and 90 min, respectively, as previously
described.?® The underlying basal rate is determined
by I(n), which was constrained to a maximum value,
Ivax = Kpltarget - 60], to ensure insulin delivery would
be suspended at SG =< 60 mg/dl and not increasing
(dSGdt > 0). Target was set at 120 mg/dL

Insulin delivery with IFB (IDy(n)) was implemented
without changing the algorithm’s overall gain by increasing
the PID insulin delivery rate by a factor (1 + vy) equal to
the amount needed to offset IFB (-y x IFB). That is,

IDyg(n) = (1 + y) - PID(n) — vy - [p(n) ¥)

In Equation (2), y is a scalar defining the IFB gain, and fp(n)
is a model estimate of insulin concentration normalized
to insulin clearance such that, at steady state, Ip(n) =
IDpp(n) and ID = PID(n). A model estimate of insulin
concentration was obtained as

Ipm) = [1 = K, + K,] - IDyp(nn — 1)
+ K - jp(n -1D)-K,- jp(n -2), 3)

where parameters K; and K, were obtained by fitting
the PK insulin profile obtained by Mudaliar and
colleagues’ to a two-compartment insulin model with
the fit provided in the Appendix. A reference IFB gain
(Yrer = 0.5) was calculated to produce the fastest possible
plasma insulin response to a step change in PID insulin
delivery without generating appreciable overshoot of the
predicted steady state plasma insulin response to that
change (see Appendix for details).

J Diabetes Sci Technol Vol 5, Issue 6, November 2011

1343

www.journalofdst.org



Closed-Loop Insulin Delivery Utilizing Pole Placement to Compensate for Delays in Subcutaneous Insulin Delivery

Loutseiko

Experimental Details

To assess the effect of IFB during meals, seven dogs
previously made diabetic by surgical removal of the
entire pancreas were used. Following surgery, animals
were provided with a pancreatic enzyme concentrate
with each meal (2.1-2.8 g/meal; PanaKare Plus Powder;
Neogen Corporation), and glucose levels were managed
with exogenous insulin. For at least 6 weeks prior to the
study start, insulin was delivered by pump (Medtronic
Paradigm pump or equivalent), with the pump record
used to determine the animal’s DIR. During the study,
each animal was studied on three occasions. On one
occasion, a closed-loop meal response was obtained
without IFB (NONE; y = 0), with the other two occasions
being used to evaluate the response at the reference
IFB level (REF; y = yggr) and twice the reference (2xREF;
¥ = 2 x yggp)- Order of experiments was randomized.

On the day prior to experiments, animals were equipped
with a new insulin infusion catheter. On the morning
of experiments, a blood sampling catheter was placed
in a cephalic vein. Blood samples were taken at 20 min
intervals between 6:00 and 8:00 am (open-loop fasting).
At 8:00 aM, closed-loop control was initiated followed by
the animal’s standard mixed meal at 9:00 am. Control
was continued until 3:00 pm. During the closed-loop
period, blood samples were taken every 10-20 min and
glucose concentration immediately assessed using a
Bayer 865 automated analyzer (Bayer). The blood glucose
values were extrapolated on a minute-to-minute interval.
The minute-to-minute signal was then passed to the
same digital filter routines used in prior closed-loop
studies”?' to obtain a smooth estimate of SG and its
rate of change (dSGdt). This was done to recreate any
signal delay associated with those signal-processing
algorithms. Continuous glucose sensors were not used
in the present study, thus eliminating the putative delay
between plasma glucose and interstitial fluid glucose.’>?
At the time of transfer from open- to closed-loop control,
I(n - 1) and the initial values of the predicted insulin
concentration (Ip(n - 1) and Ip(n - 2)) were set to the
animal’s overnight basal rate. Blood samples were
centrifuged, and plasma was stored for later assay of insulin
concentration (enzyme-linked immunosorbent assay;
Mercodia, Uppsala, Sweden). The study was approved by
the Veterans Affairs Animal Review Committee.

Statistical Analysis

Peak postprandial glucose level, incremental glucose, and
insulin area under the curve (AUC) were compared
using a one-way repeated measures analysis of variance

with a post hoc test for linear trend (Bonferroni’s Multiple
Comparison Test). Model-predicted plasma insulin
concentration was compared to measured plasma
insulin levels using correlation with results reported as R2.
Data are presented with predicted plasma insulin levels,
adjusted to insulin clearance, superimposed with measured
values. Statistical calculations were performed using
GraphPad Prism (Version 5.04; San Diego, CA). Data are
reported as mean =+ standard error of the mean.

Results

No differences were observed in blood glucose at the
time closed-loop control was initiated (8:00 am glucose;
89 + 9 versus 97 + 11 versus 106 + 5 mg/dl; p = 43).
Thereafter, peak postprandial glucose and glucose AUC
decreased with increasing levels of IFB (Figure 1A; 294 + 15,
243 + 21, 247 + 16 mg/dl, p = .026; and 518.2 + 36.13,
3535 + 45.04, 280.3 + 39.37 mg/dl min, p = .0116; NONE,
REF, and 2xREF, respectively). Nadir glucose levels were
unaffected by the increase in IFB (76 + 54, 68 + 7.3, and
72 + 43 mg/dl for NONE, REF, and 2xREE, respectively;
p = .63).

The time to reach peak insulin delivery during the meal
was reduced (Figure 1B; 90 + 15, 52 £ 9.5, and 53 + 44 min;
p = .0326), and the peak insulin delivery was increased
(69 + 0.52 versus 14.8 + 2.0 versus 249 + 3.3 U/h; p = .0004)
as the level of IFB increased. Total insulin delivered
during the meals was not different (19 + 2.8 versus 19 + 2.5
versus 20 £+ 2.7 U; hour 9 to hour 15). Although the total
insulin delivered was not different, the distribution was
shifted to the earlier time points, increased in the initial
2 h (73 £ 0.74 versus 11 + 2.4 versus 15 + 2.6 U; p= .0058),
and decreased in the third hour (3.5 + 0.68 versus 1.8 + 0.48
versus 0.28 + 0.17 U; p = .0003).

Model-predicted insulin concentration was well correlated
with the average of the measured values in plasma at all
levels of IFB (Figure 1C; R? = 0.9619, 0.9734, and 0.9911,
NONE, REF, and 2xREF, respectively). R? estimated from
the individual experiments varied (0.64 to 0.96 with no
IFB; 0.52 to 0.94 with REF, and 0.68 to 0.94 in 2xREF),
with median R?values of 0.87, 0.79, and 0.90 (Figure 2).

Discussion

Extending the PID model of insulin secretion’® to include
the putative effect of insulin concentration to suppress
insulin secretion® improves the meal response of an
artificial B cell (Figure 1A). The use of IFB in this study
increased insulin delivery during the first 1-2 h of a
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meal and decreased it at later time points with no net
increase in the amount of insulin delivered (Figure 1B).
Peak postprandial glucose level and the glucose AUC were
reduced as the IFB gain was increased. Model estimates
of plasma insulin concentrations were, on average, close
to the average measured concentration (Figure 1C)
but did not necessarily fit each individual experiment
(Figure 2).

Although increasing the amount of IFB showed a
linear trend to reduce the peak postprandial value,
most of the benefit was achieved at the reference level
(y = 0.5; Figure 1A). Feedback of all the model states
used to reconstruct the PK/PD profile (Isc, I, and Irpp
Figure 3) or optimization of the other PID control
parameters Kp, T;, Tp could potentially further improve
the response. However, feedback of all the model states
results in six tuning parameters, one gain for each of
the three components in the PK/PD response and one
gain for each of the P, D, and I terms. Generally, once
the number of control parameters increases to more than
three or four, choosing an optimal configuration may
require a computer-simulation model.® No model has
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Figure 1. (A) Plasma glucose profiles obtained with three different
levels of IFB (NONE, REF, and 2xREF). (B) Closed-loop insulin
delivery profiles. (C) Measured (open symbols) and model-predicted
insulin concentration.

been universally accepted for this purpose,®-2¢ although
a simulator developed at the University of Virginia® has
been accepted by the Food and Drug Administration for
replacement of animal studies. We have previously used
low-order identifiable virtual patient model®®% to assess
how the IFB mechanism would have been expected
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Figure 2. Correlation coefficients for the individual experiments
that comprise the average profile shown in Figure 1C. Each point
represents a single experiment.
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Figure 3. (A) Model representation of insulin concentration in the SC
depot (Isc) plasma (Ip), and remote compartment used to characterize
insulin’s effect (Iggp). (B) Insulin PK/PD data (symbols) taken from a
study by Mudaliar and colleagues,® with fitted lines indicting model
prediction using Equations (A2) and (A3) in the Appendix.
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to affect the peak and nadir meal concentration had it
been in place for our first clinical PID study.> With that
model,?** we showed the IFB mechanism to effect similar
improvements to those observed in a subsequent clinical
study of closed-loop control (compare Figure 47 of
Reference 13 and Figure 1 of Reference 7). Results from
the present study show by direct comparison of different
levels of IFB in the same animal that closed-loop control
is improved by IFB.

The need or relative advantage of performing an animal
study versus performing a computer simulation study is
unclear. Each approach has advantages and disadvantages.
Advantages to the computer simulation approach include
the ability to simulate multiple meals over a 24 h period.
This is difficult in an animal model such as the dog, as
dogs may not be accustomed to consuming more than
one meal per day. Computer simulation models can also
be programmed with the exact insulin PK/PD observed
in humans. The extent to which the dog, or other animal
model, has a similar insulin PK/PD profile to that of a
human is not known. However, the high correlation
observed in this study between the measured canine
plasma insulin response and the prediction obtained
from model identified with human data’ suggests that
the PK profiles in dog and human are not substantially
different. Nonetheless, differences in the insulin PD
response may still exist, as could differences in the
shape of the glucose appearance rate after a meal
These limitations in the animal model can theoretically be
addressed in a computer-simulation model. However,
simulation models***can have substantial differences
in their PK/PD profiles and in how they characterize
glucose appearance rate following meals. Thus conclusions
derived from the different models can be expected to
vary substantially and to be different from that which
might be obtained from an animal study such as that
performed here. Until these differences are understood,
animal studies such as the one performed here may still
provide a substantial advantage when being used to
guide closed-loop algorithm development.

The IFB mechanism assessed in the present study requires
that the time delays in the SC insulin PK response be
provided to the closed-loop algorithm. This is not a
substantial obstacle in that PK/PD profiles are published
for different types of insulin,®® different age groups,
and different days of catheter implantation.’® The PK/PD
profile obtained in the study by Mudaliar and colleagues’
was used here, as it is the curve used to define insulin-on-
board curve in the Medtronic pump (see the Medtronic
Pump user manual). The curve itself is well represented

by a two-compartment insulin model describing the PK
response with a third compartment used to describe
the PD response (fit shown in Figure 3). Using a model
allows for a computation efficient method [Equation (3)]
of keeping track of the expected plasma insulin level
during open- or closed-loop insulin delivery; however,
the insulin concentration, effect, and more commonly
used insulin-on-board (IOB) curve can all be obtained
independent of a model by convolving the measured
PK/PD response with past insulin delivery. This approach
simply adds a series of measured PK/PD curves scaled
by the bolus amount (linear sum; IOB calculated as
percentage of the effect remaining). This is more
computation demanding than applying Equation (3) but
does not require model assumptions. In both cases, the
response is assumed linear; for example, if 1 U lowers
the glucose level 30 mg/dl, 2 U is assumed to lower the
glucose level by 60 mg/dl; if there is 1 U of IOB and
another unit is given, the amount of IOB is assumed to
be 2 U.

In addition to being more computationally efficient,
introducing an insulin PK/PD model makes it easier to
choose an appropriate IFB gain (y in the present study).
Here the IFB gain was set using a method known as “pole
placement.”® In the method, a model is used to identify
all the delays in the PK/PD response. For the model
used here, one delay was associated with the movement
of insulin from the SC injection site to plasma, one was
associated with the clearance of insulin from plasma,
and one was associated with movement of insulin from
plasma to interstitial fluid surrounding insulin-sensitive
tissue.* The reciprocal values (min™) of these estimates
are known in the engineering control literature as “poles.”?
Pole placement refers to a method of obtaining the
relationship between the location of these poles and
the location where they appear to be once the insulin
delivery pattern is modified by IFB. Strictly speaking,
IFB does not depend on a model or the method used to
obtain the IFB gain. As is the case with IOB calculations
performed in many of today’s pumps, convolution can be
used to obtain a model-independent estimate of predicted
insulin concentration, and the feedback gain (y) can
be adjusted empirically. Support for the use of a model
for keeping track of the expected insulin concentration
is provided in work by El-Khatib and associates,!
showing that an equation similar to that used here
[Equation (3)] is able to predict plasma insulin levels,
provided appropriate parameters are set.

In summary, the prospective randomized controlled
study described here showed the PID closed-loop meal
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response to be substantially improved with the addition
of the IFB component. Results and conclusions obtained in
this study are consistent with model-simulation studies™
and clinical data.” The pole-placement method provides
insight into how IFB can compensate for delays in the
insulin PK/PD response by making the system behave as
if the PK/PD profile is faster. Further studies are needed
to define how fast the profile can be made to appear and
if other control parameters can be optimized.
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Appendix

Derivation of the insulin PK/PD model and theoretical effect of IFB are presented in this appendix. Although IFB
is applied here with PID control, the same principles can be applied to any control algorithm. Material presented in
this appendix assumes that the reader is familiar with differential equations, Laplace transforms, Z-transforms, and
nonlinear least squares parameter identification.

To obtain the model estimate of insulin concentration used in the present study, the PK/PD response published by
Mudaliar and colleagues’ (symbols; Figure 3B) was fit to a three-compartment model (Figure 3A). The model includes
compartments describing the concentration of insulin at the SC infusion site (Is0), in plasma (Ip), and in a remote
compartment assumed to be interstitial fluid surrounding insulin-sensitive tissues® (Irrp). Equations describing the
model are

dl-(t
Z‘;() = —aylsc(®) + oy ID() (A1)
dIp(f)
0 = —oplp(t) + [1/Kins] - aplsc(t), (A2)
dl
;:F = —0lgpr + [S]] - 0ilp. (A3)

Parameters characterizing the PK/PD response (data)—insulin clearance Kiyg (ml/min) and delays 1/ay, 1/a,, and 1/a4
(min)—were identified using nonlinear least squares routines available in MLAB (Civilized Software; Bethesda, MD;
see Figure 3B, lines). Of these, 1/a; and 1/a, (identified as 50 and 70 min) are required for the IFB used in this report,
and 1/a; (identified as 55 min) is provided for future reference.

The theoretical effect of introducing IFB into the closed-loop insulin delivery system can be derived by transforming
Equations (A1) and (A2) into the Laplace domain.?’ This allows an algebraic relationship between ID and I, to be
obtained:
Otl ‘ az
Ip(s) = - ID(s) (A4)
(s + a)ls + o)

In this equation, insulin concentration is normalized to insulin clearance without loss of generalizability, as the
clearance parameter can be absorbed into the IFB parameter (y) defined later; dividing insulin concentration by a
scalar and multiplying the IFB gain y by the same scalar has no effect. Defining G(s) as

G(s) 4% (A5)
S) =
(s + a)(s + ay)

allows insulin concentration I,(s) in the absence of IFB to be obtained as

Ip(s) = G(s) - PID(s) (A6)

and insulin concentration with IFB to be obtained as

Ip(s) = G(s) - [(1 +y) - PID(s) — y - Ip(s)], (A7)
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where Equation (2) of the main text replaces the unmodified PID delivery [(note that y = 0 results in the unmodified
form given in Equation (6)]. Algebraic manipulation of Equation (A7) yields

(1 +7) -GG
[1+y- GOl

Ip(s) = - PID(s) (A8)

Substituting G(s) from Equation (A5) and performing additional algebraic simplifications yields

Ip(s) = (L + ) - oo - PID(s) (A9)
Sz[oc1 + opls + (1 +7) oqo,

where the denominator in Equation (9) can be factored to yield

(1 + Y) - 0400
(5 + g + )

Ip(s) = - PID(s) (A10)

Comparison of the plasma insulin response to PID control with IFB [Equation (A10)] to that obtained without IFB
[Equation (A5)] shows the effect of IFB is to replace the original PK time constants (1/oy, 1/0,) with new time constants
(1/gy, 1/g,) defined by

_[al + o] + \/[(11 + o — 41 + yloyay
Jip2= 5 (A11)

From this equation, a critical value of IFB can be defined as

[0y + o2
Ycr = 41—2 -1 (A12)
© 040

Insulin feedback gains above this value yield negative values for the term inside of square root leading to complex
poles.

The expected plasma insulin profile for arbitrary ID profiles with different values of y can be obtained by inverse
Laplace transform. For the special case where insulin is delivered as a series of discrete boluses, as is common in
commercially available insulin pumps, including the pump used in the present study, a more efficient method based
on the Z-transform can be used to calculate the expected plasma insulin profile:

I (Z) 040l 7 - efotlT _ efotZT
@ ( ) A13
ID(Z) o — Oy (Z _ e—alT) . (Z — e—(XZT)

In Equation (A13), T is the sample interval at which the control is performed (1 min for the present study). Functionally,
z'1 shifts discrete samples back time, resulting in a discrete time equation for Ip(n):

Ip(n) = ay0,/(0y — ay) - (T — e=2T) . D = 1) + (e ™T — ¢20) [y(n — 1) — T - 2T [(n — 2) (A14)

from which K; and K, of text Equation (3) can be obtained by inspection and K, = 1 — K; + K, can be derived using
the steady state constraint that I, equal ID (compare to equation used by El-Khatib and associates!).
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The effect of IFB to make the system behave “as if” the undesirable PK delays defined by 1/a; and 1/a,, replaced
with the more desirable values 1/q; and 1/g, in Equation (A10), can be visualized by simulating the plasma insulin
response to stepwise increase in PID insulin delivery. With y = 0, the rise in plasma insulin following a step change in
PID(n) is biexponential with time constants 1/a; and 1/a, (Figure 4B, blue line). With IFB, the initial insulin delivery
is increased, and the plasma response is faster (T}, decreases from ~100 to 73 and 60 min for the two IFB levels
used in the present study), but there is no change in the steady state delivery rate (Figure 4A). For the reference value
used in this study (y = 0.5), there is little overshoot in expected plasma concentration (Figure 4B, green curve),
although the values of ¢; and g, are complex [yger> Ycr; Equation (A12)]; increasing the value to 2xREF results in a
more noticeable overshoot.

An arbitrary pole placement that avoids the overshoot and reduces the apparent delay between insulin concentration
and insulin effect (1/a3 = 55 min in Figure 4) can be achieved by feedback of all three PK/PD states identified in
Figure 3 [see Equations (18)-(20) of Reference 13 for equations relating feedback gains to pole location]. While it is
theoretically possible to specify the delays to be of any value, attempts to make the delays arbitrarily small can lead
to excess gain [(1 + y) term in Equation (3)]. This can increase the system’s sensitivity to noise and is more likely to
produce negative insulin delivery rates needing to be set to zero. For example, a mirror image of the curves shown
in Figure 4 can be shown to exist for a step down in basal rate from 1 to 0.5 U/h, but if the step down goes from
1 to 0, “negative” insulin delivery rates will result. These would necessarily be set to zero. Generally, the benefit
of having more desirable pole locations (i.e., shorter delays) needs to be weighed against the potential impact of
generating negative insulin delivery requests that are set to zero. An accurate simulation model can potentially guide
the choice of IFB gain, provided the simulation model’s PK/PD profile is not substantially different from that observed
in the patient population.
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Figure 4. (A) Simulated insulin delivery and (B) concentration with increasing levels of IFB (NONE, REF, and 2xREF).
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