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Abstract
Maintaining good glycemic control is a daily challenge for people with type 1 diabetes. Insulin
requirements are changing constantly due to many factors, such as levels of stress and physical
activity. The basal insulin requirement also has a circadian rhythm, adding another level of
complexity. Automating the adjustment of insulin dosing would result in improved glycemic control,
as well as an improved quality of life by significantly reducing the burden on the patient. Building
on our previous success of using run-to-run control for prandial insulin dosing (a strategy adapted
from the chemical process industry), we show how this same framework can be used to adjust basal
infusion profiles. We present a mathematical model of insulin-glucose dynamics which we augment
in order to capture the circadian variation in insulin requirements. Using this model, we show that
the run-to-run framework can also be successfully applied to adjust basal insulin dosing.
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1 Introduction
Type 1 diabetes mellitus is a metabolic disease characterized by hyperglycemia (high blood
glucose concentration), which is caused by an absolute deficiency of insulin secretion. There
are an estimated 18 million people worldwide with the disease [1], [2], and with a clear rising
trend in its incidence [3]. People with type 1 diabetes fully depend on exogenous insulin, and
managing their disease is a daily challenge.

Insulin dosing is divided into two regimens: basal and bolus insulin. The basal insulin covers
the requirements in the absence of meals. The insulin bolus is associated with the carbohydrate
content of meals (the insulin-to-carbohydrate ratio), and is calculated to offset the appearance
of glucose from a meal. Both of these require adjustment over time.
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The two main insulin delivery methods are continuous subcutaneous insulin infusion (CSII)
pumps and multiple daily injections. CSII pumps are becoming the preferred method to deliver
insulin, as CSII therapy significantly improves glycemic control [4]. Pumps have the advantage
that basal insulin delivery can be set at different rates for distinct segments of the day (e.g., the
Paradigm® pump, Medtronic MiniMed, Inc., Northridge, CA supports up to 48 segments).
These segments are selected to accommodate changing insulin requirements due to the sleep-
awake cycle and activity levels; a range of one to seven segments are common. The CSII pump
is also used to deliver the meal-related insulin boluses.

Since the Diabetes Control and Complications Trial [5], the first large, prospective clinical
trial, the accumulated evidence is strong that blood glucose levels must be normalized in order
to avoid the complications associated with diabetes [6]. Tight glucose control (i.e., as close to
normal as possible) should be maintained for life in order to accrue the full benefits. Many
factors influence the insulin dose requirements, including weight, physical condition, and stress
levels. Due to the constantly changing insulin requirement, frequent blood glucose monitoring
is mandated. Based on these glucose levels the insulin dosage must be modified, dietary
changes implemented (such as alteration in the timing, frequency and content of the meals),
and activity patterns changed.

Automating insulin delivery has, therefore, been an active field of research. There have been
multiple algorithms proposed for closed-loop control of glycemia, including MPC [7]–[10],
PD [11]–[13], PID [14]–[17], and H∞ [18], [19] — for a recent review of the literature in this
area see [20]. All of these controllers are based on the assumption that a continuous glucose
sensor is available, and although sensor technology has improved significantly over the last
few years, it is still short of the reliability and accuracy required for commercial implementation
of such a closed-loop system [20].

Even before continuous glucose monitoring, there have been substantial efforts to develop
algorithms that use sparse blood glucose measurements. Most of these have evolved from
within the medical community, and consist of heuristics based on clinical experience [21]–
[29]. None of these algorithms use the newer monomeric insulin formulations, and most are
aimed at multiple insulin injection therapy, rather than the use of CSII pumps.

We have previously tested a run-to-run control strategy to adjust the insulin-to-carbohydrate
ratio based on post-meal blood glucose measurements [30]–[34], with the clinical results of
the latest version of the algorithm being very encouraging [35]. The basal insulin infusion rate
in these studies has been manually adjusted by the physician using retrospective continuous
glucose monitoring [36].

Adjusting the basal infusion rates is not straightforward, as the effect of glucose appearance
from a meal and the related insulin bolus make it difficult to distinguish if blood glucose
changes are due to the basal or bolus dose. A common situation for many individuals is to have
their basal rates set too low, and to compensate for the difference in the prandial bolus, which
is not the best strategy. CSII pump manufacturers are introducing features to help subjects
adjust their basal rates, but none provides rate adjustment recommendations.

In this paper we present the use of run-to-run control to adjust basal infusion rates using sparse
blood glucose measurements. The performance measure used in our algorithm is derived, in
part, from our clinical heuristic. The paper is organized as follows: we first introduce the clinical
heuristic; we follow that with an overview of the run-to-run algorithm, and the derivation of
the performance measure. We present simulation results of our control strategy, for which we
introduce modifications to one of the previously published models of glucose kinetics in order
to capture the circadian variation in insulin sensitivity and changes in physical activity. We
conclude the paper with a discussion of the results.
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2 Clinical Adjustment of Basal Infusion Rates
When starting a subject on CSII therapy, there are a number of steps the physician will follow
[37]. The first one is to estimate the total insulin requirement, which depends on the subject's
weight and other factors such as physical condition and stress. For a nominal subject under
typical stress levels, this is calculated as

(1)

where W is the subject's weight. Basal insulin requirements are roughly 50% of the total daily
dose

(2)

The change in insulin sensitivity over the course of the day is driven by the circadian variation
in hormone levels. Basal insulin needs are highest in the early morning, stable during the day,
and lowest in the middle of the night, when hormones are at their nadir [37]. For this reason,
a day is divided into four segments: midnight to 4:00, 4:00 to 10:00, 10:00 to 18:00 and 18:00
to midnight. For each segment the basal infusion rate is set to

(3)

as the initial estimate. From this starting point, it is necessary to fine-tune the infusion rates
based on the subject's response. Initially, the same basal rate is used for the third and fourth
segments. This is to provide a transition point from the outset at a time of the day when some
people may have a drastic change in physical activity levels. Based on the person's actual
patterns the physician can choose different ways of segmenting the day, but in most cases these
four suffice.

In order to optimize the basal rates, the subject wears a continuous glucose monitoring system
for a period of three days. Such a system records the blood glucose concentration every five
minutes, thus providing a full history of the glucose changes. During this time they skip a meal
each day, with the purpose of obviating the effects of the prandial insulin bolus and the glucose
appearing from the corresponding meal. Basal infusion rates are adjusted to target a fasting
blood glucose of 90 mg/dL. The process is repeated as necessary until fasting levels, in the
absence of a meal, are at the target level [36].

Figure 1 shows a two-day sequence before the basal rate is adjusted, with the subject skipping
breakfast on the second day. The hyperglycemic excursion during the course of the night
indicates that the overnight basal infusion rate is too low (midnight to 4:00), while the morning
segment (4:00 to 10:00) is within the clinically acceptable range. Figure 2, first panel, shows
the overnight segment, and again no breakfast in the morning. This figure also shows the effects
of dinner and the three meals on the following day, highlighting why manual adjustment
requires meals to be skipped.

Once these basal infusion rates are set, they require periodic re-adjustment. Sometimes a person
will realize that their blood glucose levels have not been under control, and at that point will
seek assistance in adjusting their dosing. In the meantime, they have gone for several days with
less than optimal glycemic control.
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3 Run-to-Run Control
Taking the clinical heuristic as a starting point, we have adapted a run-to-run control algorithm
to adjust basal insulin infusion rates using only sparse blood glucose measurements. The
strategy is adapted from the chemical process industry [38], in the same spirit as the insulin-
to-carbohydrate ratio adjustment algorithms previously developed [30]–[35].

The standard run-to-run control algorithm [38] consists of the following steps:

1. Parameterize the input profile for run k, uk(t), as U(t, vk). Also consider a sampled
version, ψk, of the output yk(t), such that it has the same dimension as the manipulated
variable vector vk. Thus we have

2. Choose an initial guess for vk (when k = 1).

3. Complete the run using the input uk(t) corresponding to vk. Determine ψk from the
measurements yk(t).

4. Update the input parameters as

where K is an appropriate gain matrix and ψr represents the reference values to be
attained. Increment k for the next run, and repeat steps 3–4 until convergence.

The algorithm allows for individualizing the number of segments and the corresponding timing.
Using the run-to-run strategy, each day is considered a run. For the current day, a performance
measure is calculated for each segment and then used to automatically adjust the amount of
insulin for each corresponding segment on the following day. Because the algorithm adjusts
based on the glucose measurements at the end of a segment, the number of segments dictates
the number of glucose measurements required. These measurements drive the algorithm to
maintain, increase or decrease the amount of insulin infused for the corresponding segment on
the following day. This dose correction process is designed to be independent of physician or
subject intervention.

In the absence of meals or other events affecting blood glucose levels (e.g., exercise), the basal
insulin infusion rate must keep the subject's blood glucose in the normal range of 70–110 mg/
dl. If the amount of insulin infused over the time segment is too low, the blood glucose level
will rise above the desired range. If the basal dose is too large, it will tend to lower blood
glucose into the hypoglycemic range.

Given that the number of blood glucose measurements has to be minimized for the strategy to
be practical, these have to be taken at strategic times in relation to the segments chosen. Figure
3 illustrates this. For segment one, adjustment is made using measurements at start and end of
the segment (BG1 & BG2). Segment two is adjusted with the measurement right before
breakfast (BG3), in order to avoid the prandial glucose excursion, and the measure at the start
of the segment (BG2). In the case of segment three, the first measurement (BG4) is delayed to
the start of lunch to avoid effects from breakfast; this also minimizes number of fingersticks
needed. Finally, for segment four, the first measurement is not delayed, as BG5 is also used
for the end of segment three; the ending measurement (BG6) is also (BG1) for the following
day.

Regardless of the blood glucose level coming into a segment, the perfect basal insulin dose
should keep this level constant during the segment. The deviation
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(4)

where G is the corresponding blood glucose measurement, is the performance measure that is
used as the controlled variable (ψ). The controlled variable vector (assuming four segments)
is then

(5)

where k is the current day.

Using the above formulation, there exist multiple “perfect” basal doses, which will keep blood
glucose at a different target over the segment. Because of this, a second controlled variable
vector is set to

(6)

where

(7)

such that the desired fasting blood glucose can be targeted.

The input parameters (the basal infusion rate for each segment) are then updated using

(8)

where K1 and K2 are gain matrices, and ψr = 0 mg/dl and ϕr = 80 mg/dl are the reference target
values. The new doses are implemented the following day, and the procedure repeated.

In cases when there are too many complicating events to capture the effect of the basal rate,
the adjustment for that day can be omitted. As the initial guess for vk at k = 0, the same settings
as in the manual adjustment procedure (3) can be used.

Given that the insulin requirement to maintain blood glucose constant for a given segment is
independent of the other segments, it is appropriate for the gain matrix K1 to be designed as a
diagonal matrix. For the same reasons, the gain matrix K2 is also designed as a diagonal matrix.
The tuning for each gain matrix can then be done independently for each segment, allowing
for the possibility that different levels of aggressiveness in the adjustments be allowed for
different times of day.

The algorithm (8) is guaranteed to yield a single optimum solution. Because the start of a
segment coincides with the end of the previous segment, this provides a sufficient constraint
to guarantee a unique solution at steady-state, which is a blood glucose at the desired reference
value (see appendix for proof).

4 Simulation Model
Currently, there are no published models of insulin-glucose dynamics that incorporate the
circadian variation of insulin sensitivity, nor the changing insulin requirements due to changing
levels of physical activity. Since the run-to-run control strategy proposed is meant to
compensate for precisely these factors, one of the current models was modified to incorporate
an approximation of such effects.
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The model used is that of Hovorka et al. [7], replacing the subcutaneous insulin infusion model
with that presented in [39]. The core of the model consists of two compartments for glucose
(plasma and tissue) and one compartment for plasma insulin. The model divides the action of
insulin on glucose kinetics into three additional components (x1 for the effects of insulin on
glucose distribution/transport, x2 for glucose disposal, and x3 for endogenous glucose
production), which are described by

(9a)

(9b)

(9c)

where the parameters kb1, kb2, and kb3 correspond to the insulin sensitivity of each mechanism
of action of insulin, and I(t) is the plasma insulin concentration.

The circadian change in insulin sensitivity has been modeled by introducing a modulating gain
which affects all sensitivities equally. This is introduced by replacing I(t) in equation 9 with I
′(t) as given by

(10)

where the modulating gain km(t) is given, in the Lapalce domain, by

(11)

with the input kp(t) being a step profile corresponding to the desired gain for each segment.
Given that the model is now time-varying with respect to time of day, t = 0 is set to correspond
to midnight. The dynamics are set according to expected behavior based on what is known of
the underlying physiology. The delay introduced in the input (τd) is relative to when the infusion
profile changes, as the change in sensitivity is known to start earlier. This parameter is
optimized such that the desired infusion profile maintains the blood glucose concentration as
close to 80 mg/dl as possible, in the absence of any simulated meals.

A set of cases was created from actual subject pump infusion profiles. We obtained 13 manually
optimized basal infusion profiles from a group of subjects [36]. Table 1 shows the multipliers
for each segment assuming that the basal insulin dose requirement has been calculated
according to the clinical guidelines (equation 2). In all cases the timing for the segments is the
same as the nominal (i.e., midnight to 4:00, 4:00 to 10:00, 10:00 to 18:00 and 18:00 to
midnight). The delay τd was optimized independently for each case. The median delay was 11
min, with a range of 10.4–16.7 min.

One of the limitations of the Hovorka et al. [7] model is the component that describes the
absorption of glucose from the consumption of a mixed meal. In daily living conditions, with
the correct bolus dose of insulin to cover a meal, the blood glucose concentration is expected
to return to basal levels within two to three hours after the start of the meal [31], [40]. The
dynamics of the model for this case are much slower than this, resulting in extremely long
settling times that are not physiologically correct. For this reason, the time constants for the
absorption part of the model have been modified such that the settling time is more consistent
with the subject data. This results in an initial rate of change that is too aggressive, but this will
not affect the results of the simulations presented, as no blood glucose measurements are used
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within the first two hours of any postprandial period. The parameter in the Hovorka et al. [7]
model that was changed is t2max,G, from a value of 40 min to a value of 5 min.

5 Results
Figure 4 shows the simulation over a day using the correct basal and prandial dosing, which
illustrates the adjusted timing of the blood glucose measurements in order to minimize the
effects of the meals. For all cases, the algorithm is initialized using the clinical heuristics
(equation 3), with the total basal dose calculated from the actual requirements according to the
model (rounded down to the nearest whole unit of insulin). Meals are assumed to be the same
from day to day, and the dose of the prandial insulin bolus to be correctly matched. There are
constraints on the rate of change of the dosing for any given segment from one day to the next,
with a 20% maximum increase and a 30% maximum decrease.

Clinically, it is desirable to have the basal infusion rates converge within a time frame of seven
days. Therefore, the gains of the run-to-run controller were manually tuned to meet this
specification. For the simulations, the gain matrices were set to be Kj = kjI, j = 1, 2, where kj
is a scalar, and I the identity matrix, which sets the same tuning for all segments. The gains
were set to k1 = 0.01 and k2 = 0.0067. Setting k2 to be smaller than k1 is desirable, as converging
to the desired blood glucose level is a secondary objective to maintaining blood glucose steady
throughout the corresponding segment.

For the 13 cases, the algorithm was considered to have converged once the basal profile was
within 10% of the actual profile for all four segments. On average, the algorithm converged in
6.3 days, with a standard deviation of 2.1 days. There is one case (number ten) which does not
converge to within 10%, but does so within 15%. With the 15% metric, all cases converge,
with an average of 5.1 days and a standard deviation of 2.3 days. Case ten is a particularly
challenging scenario, as the subject has a very high insulin sensitivity, except during the 4:00
to 10:00 segment, in which the insulin requirement is 2.7 to 3.1 times higher than for the other
segments. Over all the cases, the constraints are rarely active, with the exception of case ten.
Overall, the median for the number of times a constraint is active over 15 days of simulation
is one time, with a range of 0 to 14.

Figure 5 shows the simulation for a representative case (number eight) over 10 days. This case
takes five days to converge, and has no active constraints. Figure 6 shows day seven of this
run; this is the same profile as the perfect day example shown in figure 4. The reason the profile
does not converge perfectly to the underlying profile is due in large measure to the remaining
effects of the meals, which are not completely eliminated even after several hours.

Case ten is shown in figure 7 for a simulation run of 15 days. Even small changes in the basal
profile from one day to the next, compounded with the deviations introduced by the meals,
introduce large changes in the blood glucose response. In this case, an unconstrained design
would drive the subject to frequent hypoglycemia. De-tuning the controller would alleviate
this issue, but at the expense of a very sluggish response for the remaining 12 cases.

6 Conclusions
Adjusting basal and prandial insulin dosing is a daily chore for people with type 1 diabetes.
The success in developing an algorithm to adjust prandial insulin dosing based on medical
expertise [31], [35], [41] has further motivated the development of a similar strategy for basal
insulin dosing.

A major hurdle has been the lack of a mathematical model that incorporates the dynamics
associated with the circadian changes in basal insulin requirements. We presented a first
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approximation of such a model by using the manually optimized profiles of a group of subjects.
Although not based on the underlying physiology, it serves the purpose of challenging the
algorithm appropriately.

Using only five, properly timed, blood glucose measurements, we have shown that the proposed
run-to-run algorithm can successfully adjust basal infusion rates for the nominal four segments.
Different daily segments can be easily accommodated by the algorithm, requiring only the
proper timing for the blood glucose measurements. Being able to make dose adjustment
decisions even in the presence of meals is a significant improvement over current clinical
strategies. Even with the error introduced by the tail end of the meal response, basal rates
converge in less than a week on average.

In the clinical testing of the algorithm the additional challenge will be that the meal related
insulin dose might not be correct either. To avoid this potential confounding factor, initial
testing can be done by skipping meals as in the manual adjustment protocol. Eventually, a
strategy that combines the adjustment of basal and bolus insulin dosing will be required.
Appropriate heuristics will need to be incorporated, as the interplay between these two
components of insulin therapy are not negligible.

The benefits of tight glycemic control are significant, and a run-to-run framework for the
adjustment of basal and bolus insulin dosing can be an important tool in accomplishing this
goal.

Acknowledgements
This work was supported by the National Institutes of Health, grants R01-DK068706 and R01-DK068663.

A Appendix
Without loss of generality, we can assume the four standard segments, with the initial and
ending blood glucose measurements coinciding for the end of a segment and the beginning of
the next one. Thus segment one uses G1k and G2k, segment two uses G2k, and G3k and so on.

To simplify the notation, we use deviation variable form, thus

(A.1)

and the update law in deviation variable form, with the references being zero, is

(A.2)

and without loss of generality, we can assume Kj = kjI, j = 1, 2, where kj is a scalar, and I the
identity matrix.

We know that once steady-state is reached, there will be no further corrections, thus vk+1 =
vk. For now drop the k subscript as we refer to the same day. Looking at just the first segment,
we have

(A.3)

(A.4)
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and let

(A.5)

then G2d = fG1d. Similarly, we have

(A.6)

(A.7)

(A.8)

Since G5d = G5 − ϕr and G1d = G1 − ϕr, we have

(A.9)

(A.10)

(A.11)

but G5 is the same as G1 on the following day, thus

(A.12)

and if we are indeed in steady state, then G1k+1 = G1k, thus

(A.13)

(A.14)

thus we have only one solution, which holds for the other segment endpoints as well. It is
straightforward to show that this still holds true when the measurements do not coincide, as
illustrated in the case shown in figure 3.
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Fig. 1.
Two-day sequence (starting at midnight) of CGMS blood glucose data before the adjustment
of basal rates; the subject skipped breakfast on the second day. The hyperglycemic excursion
during the night indicates that the basal infusion rate for this period is too low, while the
morning segment of the second day is correct. Diamonds indicate the capillary blood glucose
calibration measurements.
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Fig. 2.
Two-day sequence (starting at midnight) of CGMS blood glucose data after the adjustment of
basal rates; the subject skipped breakfast on first day. Nighttime and morning basal rates are
correctly set. Diamonds indicate the capillary blood glucose calibration measurements.
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Fig. 3.
Nominal basal segments for a day, indicating meal and blood glucose measurement times.
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Fig. 4.
Blood glucose response over a day with the corresponding basal infusion profile. The circles
indicate the timepoints at which blood glucose measurements are taken for use by the algorithm,
and the triangles indicating the starting time of meals.
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Fig. 5.
Blood glucose response over 10 days with the corresponding basal infusion profile for case
eight. The dotted line in the insulin plot indicates the optimal basal infusion profile. Initial
basal rates are set according to the clinical heuristics, with segment one slightly underdosed,
segment two is overdosed, segment three is very close to target, and segment four is
underdosed. These settings result in periods of hyper- and hypoglycemia, with levels
converging to clinically acceptable levels by the fifth day.
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Fig. 6.
Blood glucose response for day seven of the simulation run for case eight. The dotted line in
the insulin plot indicates the optimal basal infusion profile. The blood glucose profile shows
good glycemic control over the day, with the basal infusion rates being very close to the optimal
rates.
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Fig. 7.
Blood glucose response over 15 days for the worst case (number ten). The initial setting based
on the clinical heuristics are significantly off, with the subject showing high insulin sensitivity
in all but the morning segment, which has significantly higher insulin requirements. The dotted
line in the insulin plot indicates the optimal basal infusion profile.
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Table 1
For the standard segments of the day, 13 cases were created based on subject data
that had their basal rates manually optimized in a previous study [36].

Case Segment 1 Segment 2 Segment 3 Segment 4

1 0.91 1.52 1.52 1.60
2 0.73 1.02 0.73 0.87
3 0.69 1.37 0.91 1.26
4 0.72 1.44 1.04 0.96
5 0.29 0.87 0.87 0.87
6 0.79 1.35 0.79 1.13
7 0.99 1.48 1.38 1.58
8 1.08 2.27 1.95 2.38
9 0.89 0.98 0.71 0.53
10 0.29 0.91 0.29 0.34
11 0.60 1.42 1.20 1.05
12 0.53 1.60 1.00 0.71
13 0.87 1.03 0.87 0.87
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