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a b s t r a c t 

Background and Objective: Although there has been significant progress towards closed-loop type 1 dia- 

betes mellitus (T1DM) treatments, most diabetic patients still treat this metabolic disorder in an open- 

loop manner, based on insulin pump therapy (basal and bolus insulin infusion). This paper presents a 

method for automatic insulin bolus shaping based on insulin-on-board (IOB) as an alternative to conven- 

tional bolus dosing. 

Methods: The methodology presented allows the pump to generate the so-called super-bolus (SB) em- 

ploying a two-compartment IOB dynamic model. The extra amount of insulin to boost the bolus and the 

basal cutoff time are computed using the duration of insulin action (DIA). In this way, the pump automat- 

ically re-establishes basal insulin when IOB reaches its basal level. Thus, detrimental transients caused by 

manual or a-priori computations are avoided. 

Results: The potential of this method is illustrated via in-silico trials over a 30 patients cohort in sin- 

gle meal and single day scenarios. In the first ones, improvements were found (standard treatment vs. 

automatic SB) both in percentage time in euglycemia (75 g meal: 81.9 ± 15.59 vs. 89.51 ± 11.95, ρ � 0; 

100 g meal: 75.12 ± 18.23 vs. 85.46 ± 14.96, ρ � 0) and time in hypoglecymia (75 g meal: 5.92 ± 14.48 vs. 

0.97 ± 4.15, ρ = 0 . 008 ; 100 g meal: 9.5 ± 17.02 vs. 1.85 ± 7.05, ρ = 0 . 014 ). In a single day scenario, con- 

sidering intra-patient variability, the time in hypoglycemia was reduced (9.57 ± 14.48 vs. 4.21 ± 6.18, 

ρ = 0 . 028 ) and improved the time in euglycemia (79.46 ± 17.46 vs. 86.29 ± 11.73, ρ = 0 . 007 ). 

Conclusions: The automatic IOB-based SB has the potential of a better performance in comparison with 

the standard treatment, particularly for high glycemic index meals with high carbohydrate content. Both 

glucose excursion and time spent in hypoglycemia were reduced. 

© 2018 Elsevier B.V. All rights reserved. 
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. Introduction 

Current therapies for the treatment of Type 1 diabetes mellitus

T1DM) are based on the subcutaneous insulin infusion through

ultiple daily injections (MDI) or via a continuous subcutaneous

nsulin infusion (CSII) pump. The rapid acting insulin used in

he latter is administered in two ways. A basal dose is continu-

usly pumped to deliver the insulin needed between meals and

vernight, whereas bolus doses are delivered to cover the effects

f meals and to correct high blood glucose levels. 

Modern insulin pumps incorporate bolus advisors that help pa-

ients calculate prandial boluses, a customizable basal insulin flows
∗ Corresponding author. 
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o deal with daily sensitivity changes, preventive alarms, dietary

arbohydrate quantity and estimated amount of insulin-on-board

IOB) [1,2] . Although CSII treatments provide better glycemic con-

rol than conventional therapies with MDI and lower the risk of

ypoglycemia, most of T1DM patients do not maintain glucose

argets. High post-meal hyperglycemic excursions and late post-

bsorptive hypoglycemia still constitute a therapeutic challenge. In

rder to avoid these symptoms, some patients rely on the routine

f basal insulin suspension for several hours, leaving meal bolus to

over both prandial and basal insulin requirements [3] . Also, there

re both in-silico [4] and clinical [5] comparative studies showing

etter postprandial glucose control using other basal-bolus com-

inations than the standard one. When the basal insulin delivery

s stopped or reduced during a time period and the non-delivered

uantity of basal insulin is added to a meal or correction bolus, a

uper-bolus is created. This shift of basal to bolus insulin creates a

https://doi.org/10.1016/j.cmpb.2018.03.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cmpb
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larger bolus that is particularly beneficial when insulin is needed

quickly. These situations may include, but are not limited to, cover-

ing high glycemic index (HGI) foods, large intakes of carbohydrate,

and fast return of an elevated blood sugar to normal [2] . 

Recently, the first world-commercial product for hybrid glucose

control has been launched in the U.S.A. market (MiniMed 670G

system®, Medtronic Inc., Northridge CA). Although it represents

a great advance towards fully automatic control, the feedforward

action corresponding to insulin boluses must still be carried out

manually. This gives an idea of the difficulty of his calculation. The

work presented here is aimed at improving the delivery of insulin

bolus to achieve a better trade-off between performance and safety

in open-loop therapies which are, by far, the most common today.

This approach allows improving current glucose control therapies

as well as gaining insight into IOB constraint implications in real

diabetic treatments. In particular, an algorithm that automatically

shapes a super-bolus (SB) without the need of manual interven-

tion. 

The layout of the remaining part of the paper is as follows.

Section 2 describes the motivation for the treatment development.

Section 3 develops the main proposal of the paper. The evaluation

protocol is defined in Section 4 and in Section 5 the results ob-

tained from in-silico tests are presented. Discussion are drawn in

Section 6 and conclusions in Section 7 . 

2. Motivation 

The main motivation for implementing a SB treatment in glu-

cose management is to compensate for the slow dynamic action

of insulin with respect to the time at which meals raise the blood

glucose. 

The glucose-insulin system is a positive dynamical system, i.e.

a dynamical system where all state variables and inputs are posi-

tive. The recent work [6] presents some relevant results about this
Fig. 1. Result illustrating the theoretical result of [6] . Upper panel: glucose profiles (blu

he UVa patient); doted horizontal lines indicate the lower bounds y T 1 and y T 2 for T 1 and

bounds. (For interpretation of the references to color in this figure legend, the reader is r
ort of systems subjected to perturbations. A critical situation ap-

ears when the disturbance pulse response peaks faster than the

nput pulse response. In fact, all attempts to diminish the effect

f a disturbance in the output at an early time necessarily lead to

ndershoot at a later time. These results are obviously applicable

o T1DM basal-bolus treatments where meals typically raise blood

ugar before insulin acts. They allow formalizing the trade-off be-

ween hyperglycemia excursions and hypoglycemia events inherent

o the insulin-glucose system limitations. 

The main contribution of [6] can be summarized as follows.

onsider a positive dynamical system perturbed with a pulse dis-

urbance at t = 0 (e.g. T1DM model perturbed by a meal). Let T 1 
nd T 2 > T 1 be two arbitrary sample times and y ( T 1 ) and y ( T 2 ) the

orresponding deviations of the system output w.r.t. its set-point.

f one sets a lower bound y T 2 for the output response at T 2 (e.g. a

inimum acceptable postprandial glucose level), y (T 2 ) > y T 2 , then

he output response at time T 1 will be also lower bounded by

 (T 1 ) > y T 1 (e.g. the postprandial peak will be at least y T 1 ) . The

alue of y T 1 will be function of the disturbance, the system dy-

amics and parameters and linked to the boundary set for y ( T 2 ).

lthough T 1 and T 2 are arbitrary, it is interesting to align them

ith the maximum and minimum values of the output response.

his allows predicting the trade-off between positive and negative

xcursions of the output signal. The system input that fulfils both

ounds is a pulse at t = 0 (at the time that the perturbation oc-

urs) and zero elsewhere in the interval [0, T 2 ]. 

These results have direct implications when applied to T1DM

odels. Fig. 1 illustrates their application to a basal-bolus combi-

ation to reject a meal disturbance. This response is obtained for

he linearized model of adult#6 of the UVa/Padova T1DM simula-

or. The patient starts with a steady-state glucose of 100 mg/dl,

here the basal insulin for this patient is 1.9 U/h. A 30 g CHO

eal is given at t = 0 . According to the I:C ratio of this patient,
e solid line corresponds to the linearized patient; red dashed line corresponds to 

 T 2 , respectively. Lower panel: insulin input (both basal and bolus) that fulfils both 

eferred to the web version of this article.) 
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Table 1 

IOB model parameter K DIA ( min 
−1 

) for different durations of in- 

sulin action. 

DIA (h) 2 3 4 5 6 7 8 

K DIA × 10 −3 39 26 19.5 16.3 13 11.3 9.9 
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he meal bolus is three insulin units (3 U ). Let us assume for the

oment that times T 1 = 50 min and T 2 = 170 min at which maxi-

um and minimum glucose levels occur are known a-priori. Set

he minimum acceptable glucose level y T 2 = 70 mg/dl. Then, af-

er some computations, it can be determined that the maximum

lucose level will be at least y T 1 ≥ 105 . 9 mg/dl. Furthermore, the

ontrol input that provides the lower hyperglycemia excursion at

 1 = 50 min given a minimum glucose value y T 2 = 70 mg/dl at T 2 =
70 min is depicted at the bottom of the figure. The basal-bolus

nput profile consists of an insulin bolus at meal time and basal

uspension until the lowest glucose level at T 2 = 170 min occurs.

s mentioned above, this is the shape of a super-bolus, where the

.9 U insulin bolus is much higher than the 3 U standard bolus.

he extra amount of insulin administered at meal time compen-

ates for the amount of basal insulin not delivered until T 2 . For

urther details the reader is referred to [6] . 

The previous results are very interesting from a theoretical

iewpoint and provide an analytic way to determine the shape of

he best input profile. However, the assumption that time instants

 1 and T 2 are known a-priori is unrealistic. Therefore, despite

uaranteeing performance specifications, the method proposed in

6] cannot be used to determine the best basal-bolus combination

n daily glucose management. 

Nowadays the pump users usually set manually a SB treatment

or some kinds of meals according to physician recommendation

2] . However, an a-priori amount of basal insulin should be re-

oved, which may not always be correctly guessed. Indeed, one

f the main open questions in diabetes forums about SB is “how

ong can the basal be lowered/stopped before a rebound will occur

nce SB is gone?”. In current commercial insulin pumps an auto-

atic SB is not implemented yet, probably because of this open

uestion. The automatic calculus of the SB can be addressed in dif-

erent ways, from the simplest way of defining a fixed time regard-

ess the patient to more complex forms involving clinical informa-

ion of the patient as proposed in this paper. 

The proposal of the automatic IOB-based SB treatment arises

rom finding a basal-bolus combination capable of a better glucose

anagement. This therapy is expected to be useful when counter-

cting HGI meals. For this purpose, the concept IOB is used in or-

er to compute the extra amount of insulin to boost the bolus and

he time when the basal insulin delivery is re-established. 

. Methods 

The idea behind the proposal comes from the methodology reg-

stered on patent and priority requests [7,8] . This idea consists in

mposing a constraint over the IOB profile generated by the treat-

ent. Since the proposed algorithm is based on the residual in-

ulin that is still active in the body, it is here briefly recalled

he main available methods to estimate IOB through mathemati-

al models. 

.1. IOB estimation 

IOB estimation is used by smart pumps to prevent from exces-

ive insulin stacking, particularly when boluses are given close to-

ether. An individualization of IOB estimation is usually character-

zed by the duration of insulin action (DIA), a parameter that clin-

cians are used to tune when setting up insulin pumps [2] . Typ-

cally, IOB estimation can be done by means of simple discrete

odels like those implemented in modern insulin pumps (based

n straight lines or curves), or by means of a continuous subcu-

aneous absorption model like those available in the literature [9–

1] . Each of these models is described in the following. 

Some pumps use linear plots to make the concept of IOB easier

or patients to understand. The model simply describes IOB trace
s 

OB (T k ) = I bolus ·
(

1 − (T k − T bolus ) 

DIA 

)
, (1)

here I bolus is the total amount of insulin supplied in a previous

olus, T k is the current time in minutes, T bolus is the bolus time,

 = T k − T bolus is the time lapsed from the previous bolus, and DIA

s the duration of insulin action in hours. 

Although the simplest one, the problem with this model is that

t is mainly thought to estimate bolus-on-board (BOB) rather than

OB, since it computes insulin absorption from discrete insulin in-

ections (boluses). In addition, it is the model with larger error

ith respect to the actual IOB pattern, as it assumes a non-realistic

traight line profile. 

A slight improvement of the previous model implemented in

ome insulin pumps is based on insulin curves, from which IOB is

omputed as 

OB (T k ) = IOBcurv e � · I past (T k −1 , T k −N ) , (2)

here IOBcurve � is a row vector with N components (factors

ower or equal than one) representing an insulin action curve,

 past (T k −1 , T k −N ) is a column vector with a record of the insulin sup-

lied over the last DIA hours, from time T k −N to time T k −1 , and

 = f loor(DIA · 60 /T s ) , where T s is the pumping period. 

A two-compartment dynamical linear model for subcutaneous

nsulin absorption is used in most in-silico trials and control strate-

ies validation (e.g. [12] ). Indeed, this dynamic representation is

sed for the subcutaneous insulin absorption model in UVa/Padova

1DM simulator, which is widely described in the literature [13] ,

iven by: 

˙ I sc 1 = −( k d + k a 1 ) I sc 1 + u 

˙ I sc 2 = k d I sc 1 − k a 2 I sc 2 

(3) 

OB = I sc1 + I sc2 (4) 

here I sc 1 and I sc 2 are, respectively, the amount of nonmonomeric

nd monomeric insulin in the subcutaneous space, u is the exoge-

ous insulin infusion rate in [pmol/min/kg], k d [ min 

−1 
] is the rate

onstant of insulin dissociation, and k a 1 [ min 

−1 ] and k a 2 [ min 

−1 ]

re the rate constants of nonmonomeric and monomeric insulin

bsorption, respectively. Although this model could also be used

ere to estimate the IOB, in order to minimize the parameters to

e tuned, a model that can be personalized based solely on a-priori

linical information is considered, like the dynamical model pre-

ented in [9] : 

˙ I sc 1 = −K DIA I sc 1 + u 

˙ I sc 2 = K DIA ( I sc 1 − I sc 2 ) 
(5) 

OB = I sc1 + I sc2 (6) 

In this case, only the constant K DIA [ min 

−1 
] has to be tuned for

ach patient so as to replicate its corresponding DIA. Table 1 shows

he values of K DIA for several DIA values. This model is the more

ccurate of the aforementioned and allows a continuous estimation

f the IOB from the insulin input. 

Although a widespread confusion exists among clinicians and

atients regarding the selection of an accurate DIA setting, many

pecialist have recently highlighted the problems that arise when
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an inappropriately short DIA is set. Research protocols to accu-

rately measure DIA have been proposed and it is recognized of

great importance that insulin manufacturers verify actual DIA for

rapid-acting insulins on the market [14] . 

Since the subcutaneous insulin absorption dynamics can change

over time in patients, particularly if the Body Mass Index (BMI)

changes, it is important to update the DIA regularly. Note that re-

cent estimators based on continuous glucose monitors (CGM) read-

ings, as the ones proposed in [15,16] , could also be employed for

the estimation of IOB or parameters involved in the dynamics of

subcutaneous absorption model. These observers, commonly em-

ployed in closed-loop control systems, perform a real-time esti-

mation of plasma insulin concentration, thus allowing to obtain a

more accurate value of the patient’s DIA. 

3.2. Automatic IOB-based super bolus 

To overcome the need of a-priori setting of the cutoff time,

i.e. the time during which the basal insulin delivery is suspended

when applying a SB, an automatic IOB-Based SB is proposed here. 

The underlying idea of the proposal is easy and intuitive. It im-

poses a soft constraint on IOB that allows limiting the insulin de-

livered to the patient. This consists in fixing a threshold value on

the IOB level IOB . When the SB is delivered, the IOB limit value

will be exceeded, so the basal supply will not resume until the

IOB level reaches again the threshold constraint. As a result, insulin

will not continue accumulating while IOB is above the threshold,

thus avoiding or reducing possible cases of late hypoglycemia. 

In order to illustrate and understand the operation of the au-

tomatic SB, a comparison between the IOB profiles generated by a

manual SB and the proposed method is considered. The estimation

of the IOB is obtained from the dynamic model described in the

previous section, given by Eq. (5) . This will be further developed

in the next subsection. 

Three different patients -let say A, B and C- are on steady-state

under a basal rate of 1U/h. The patients have an approximated DIA

of 7, 4 and 3 h, respectively. One hour into the simulation an in-

sulin bolus of 2 U is programmed. 

A manual SB with a generic fixed cutoff time of 2 h was sim-

ulated, thus creating an insulin injection of 4 U . The corresponding

IOB profiles and SB are shown in Fig. 2 . The dotted lines indicate

the IOB for each patient. In this case, IOB is equal to the steady-

state value of the IOB for each patient. It can be seen that for pa-

tient A the basal supply returns before the IOB has been reached

by the estimated IOB, so there is insulin stacking (dashed line). A

larger transient in the IOB is undesired because it can produce fu-

ture low levels in glucose, even hypoglycemia. In the case of pa-

tient C, the IOB level falls under the IOB within the cutoff time

(dash-dot line), giving rise to an undesired undershoot. The IOB

profile of patient B (solid line) does not present excessive insulin

stacking or deficit because the basal supply returns when the IOB

level is close to the basal value. This kind of profile is achieved

randomly using a manual SB, since an arbitrary T cutoff is selected. 

The automatic IOB-based SB was simulated on the three pa-

tients under the same conditions. It can be seen in Fig. 3 that

undesired transients or undershoots are avoided for the three pa-

tients since the basal supply returns when the IOB level is equal to

the steady-state IOB. Even so, a small transient can be observed

due to the second order dynamics of the system which can be

avoided by choosing the IOB slightly higher than the steady-state

value. The subcutaneous insulin injection for each case can be seen

at the bottom of Fig. 3 , where it is evident how the cutoff time

is adapted depending on the DIA to compensate inter-patient DIA

variability. 
.2.1. Calculation criteria 

The proposal allows the pump to execute an algorithm when

he patient desires to inject a certain bolus in the shape of a SB.

he algorithm calculates a dose of insulin I [ t ] (basal and bolus) tak-

ng into account the estimation of IOB according to the following

ethodology: 

[ t] = I basal [ t] + I SB [ t] , (7)

ith basal infusion given by 

 basal [ t ] = 

{
0 if T bolus ≤ t ≤ T bolus + T cuto ff

BR [ t ] T s else 
, (8)

nd at the time of the bolus injection a super bolus 

 SB [ t] = 

{
I bolus + I b i f t = T bolus 

0 else 
(9)

here: 

• I [ t ] is the total dose of insulin (in insulin units U ) 
• BR [ t ] is the patient’s basal rate profile (in insulin units per

minute U / min ) 
• T s is the sampling time 
• I b is the sum of the basal insulin given between T bolus and

T bolus + T cutof f , expressed by Eq. (10) 

 b = 

(T bolus + T cutof f ) /T s ∑ 

k = T bolus /T s 

BR [ k ] · T s (10)

The value of the original carb bolus to be administered I bolus 

an be computed as usual based on the insulin-carbohydrate ratio

I:CHO) of the user and the magnitude of the meal that the user

ill ingest (grams of carbohydrates), or via any other method. 

The basal infusion will depend on an imposed IOB constraint

OB [ t] . The time during which the basal insulin infusion will be

nterrupted can be predicted from the dynamic response of the IOB

ystem due to an input in the shape of a SB given by (7) . A discrete

ealization sampled at t = kT s of the validated model (5) is used for

he estimation of the IOB: 

 [ k + 1 ] = A x [ k ] + Bu [ k ] 

IOB [ k ] = C x [ k ] 
(11)

ith 

A = 

[
( 1 − K DIA · T s ) 0 

K DIA · T s ( 1 − K DIA · T s ) 

]
, 

B = 

[
Ts 

0 

]
, 

C = [ 1 1 ] . (12)

It is desired to calculate the IOB profile after the SB delivery.

he trajectories of the states x [ k ] at each sample can be expressed

y the solution to the non-homogeneous linear time invariant sys-

em (11) as 

 [ k ] = A 

k −k 0 x 0 + 

k −1 ∑ 

τ= k 0 
A 

k −1 −τ Bu [ τ ] , (13)

here the input bolus is defined by Eq. (9) , re-written as 

 [ k ] = 

{
I SB i f k = k 0 
0 else 

(14)

Considering T bolus = t 0 = k 0 T s , the trajectories of x [ t ] from t 0 to

 0 + T cutof f can be computed from the homogeneous response due
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Fig. 2. IOB profiles for different patients with a manually implemented SB. 

Fig. 3. IOB profiles for different patients with the automatic IOB-based SB. 
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Fig. 4. Mean rate of glucose appearance of the mixed meals used in scenario 2 and 3. 
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to the interruption of basal delivery and the forced response due

to the input (14) 

x [ t 0 + T cutof f ] = A 

T cutof f /T s x 0 + A 

T cutof f /T s −1 B · I SB , (15)

where x 0 is the states values at T bolus , and the estimated IOB results

IOB [ t 0 + T cutof f ] = C A 

T cutof f /T s x 0 + C A 

T cutof f /T s 
−1 B · I SB (16)

Although the method allows selecting any IOB [ t] , it is proposed

here to use the steady-state or basal IOB value IOB basal to avoid

unnecessary undershoots or delays in the IOB signal as illustrated

above. So, when the basal delivery resumes, the insulin remaining

in the body will be equal to the steady-state of (11) due to the

basal insulin profile at T bolus + T cutof f , i.e. 

IOB basal = 2 · BR [ T bolus + T cutof f ] /K DIA . (17)

Finally, the computation of T cutoff and the extra amount of bolus

Ī b to be applied results from solving the equation 

IOB basal = C A 

T cutof f x 0 + C A 

T cutof f −T s B 

( 

I bolus + 

T cutof f ∑ 

t=0 

BR [ t ] · T s 

) 

(18)
Table 2 

Comparison of the standard treatment with the automatic SB for single meal scenarios. 

Mean BG BG < 50 mg/dl BG < 60 mg/dl BG < 70 mg/d

(mg/dl) (%time) (%time) (%time) 

Single meal: 25 g 

Standard 135.43 ± 12.48 0 ± 0 0 ± 0 0.6 ± 3.27 

Automatic SB 136.46 ± 6.83 0 ± 0 0 ± 0 0.32 ± 1.75 

ρ - value 0.517 − − 0.5 

Single meal: 50 g 

Standard 132.66 ± 24.25 0 ± 0 1.16 ± 6.33 2.13 ± 10.46

Automatic SB 134.92 ± 15.5 0 ± 0 0 ± 0 0.42 ± 1.65 

ρ - value 0.066 − 0.5 0.5 

Single meal: 75 g 

Standard 131.15 ± 35.88 1.15 ± 6.28 2.51 ± 9.75 5.92 ± 14.4

Automatic SB 134.22 ± 25.61 0 ± 0 0.28 ± 1.54 0.97 ± 4.15 

ρ - value 0.017 � 0.5 0.125 0.008 � 

Single meal: 100 g 

Standard 131.45 ± 47.26 3.37 ± 10.15 6.2 ± 14.31 9.5 ± 17.02 

Automatic SB 135.34 ± 35.93 0.76 ± 4.15 1.14 ± 5.5 1.85 ± 7.05 

ρ - value 0.011 � 0.031 � 0.008 � 0.002 � 

� Statically significant ( ρ < 0.05) 
This equation can be solved numerically, e.g. via the Newton–

aphson method which converges quickly and has a low computa-

ional cost, among others. 

It is worth emphasizing that this computation can be easily per-

ormed by software in any modern commercially available pump.

he accuracy of the method depends both on the pump discretiza-

ion -since it will inherit the physical features of each pump- and

he DIA estimation. The computation speed depends on the pump’s

ardware and is independent of the measurement-based DIA up-

ate. In this way, SB could be added as an extra option of bolus

dministration only depending on the patient’s DIA and his basal

rofile. Also this technique can be combined with the subtraction

f the IOB excess from the bolus or any other method involving

OB constraints (e.g. [17] ). The algorithm can be implemented with

ome safety considerations, as ask for confirmation by the patient

f the amount of insulin and cutoff time, limiting the cutoff time

o a maximum desired, among other aspects that seem necessary. 

. In-silico protocol 

In order to assess the performance of the proposed open-loop

reatment, a series of in-silico tests were performed over a simula-
l BG ∈ [70,180]mg/dl BG > 180 mg/dl BG > 250 mg/dl BG > 300 mg/dl 

(%time) (%time) (%time) (%time) 

96.03 ± 6.82 3.37 ± 6.33 0.27 ± 1.49 0 ± 0 

97.72 ± 5.21 1.96 ± 5.03 0.15 ± 0.84 0 ± 0 

0 � 0.001 � 0.5 −

 89.67 ± 12.27 8.2 ± 8.61 1.23 ± 4.33 0.39 ± 2.15 

93.53 ± 8.32 6.05 ± 8.31 0.86 ± 3.64 0.3 ± 1.62 

0 � 0.001 � 0.063 0.5 

8 81.9 ± 15.59 12.18 ± 9.94 3.03 ± 5.73 1.25 ± 4.31 

89.51 ± 11.95 9.51 ± 9.94 2.4 ± 5.05 0.95 ± 3.8 

0 � 0 � 0.002 � 0.063 

75.12 ± 18.23 15.38 ± 11.26 4.77 ± 7.15 2.62 ± 5.31 

85.46 ± 14.96 12.68 ± 11.76 3.77 ± 6.26 2.09 ± 4.88 

0 � 0 � 0.003 � 0.002 � 
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o  
ion platform developed by our group based on the T1DM model of

alla Man et al. broadly used in literature [18] . To evaluate the per-

ormance of the algorithm, a comparison with the standard basal-

olus treatment was considered. 

.1. In-silico evaluation of single meal scenarios 

In a first instance, a set of in-silico tests were performed over

he T1DM UVa/Padova virtual patient cohort of 10 adults, 10 ado-

escents and 10 children within four different single meal scenar-

os. Each scenario consisted in one high glycemic index (HGI) meal

f pure carbohydrate, provided to the patient at t = 7 h in a 10 h

imulation. The patients start with an initial steady-state equal to

heir fasting glucose value and insulin basal rate that keeps the pa-

ient at its fasting glucose level. The glucose absorption evolves ac-

ording Dalla Man’s model described in [18] . The sizes of the meals

ere 25 g, 50 g, 75 g and 100 g, respectively. A manual SB is also

onsidered for comparison. Since there is not a standard way of

efining the SB, a fixed cutoff time was considered for each meal.

his fixed cutoff times were defined as the mean value between

he cutoff times of the whole cohort obtained by the automatic SB

reatment. The resulting cutoff times for the 25, 50, 70 and 100 g

eals were 135, 166, 186 and 200 min, respectively. 

.2. In-silico evaluation of single day scenarios under intra-day 

ariability 

To evaluate the robustness of the proposed methodology, three

ingle day scenarios were considered introducing intra-patient

ariability. 

.2.1. Scenario 1 

A single day in-silico scenario was proposed for the whole pa-

ient cohort. Four HGI meals were considered at 7, 13, 17 and 21 h

ontaining 80 g, 40 g, 10 g and 70 g of CHO, respectively. Here the

atients were simulated under non-ideal and varying basal profiles

nd I:CHO factors. 

In order to take into account a more realistic scenario, diurnal

ariability of the system parameters that describe insulin sensi-

ivity (IS) ( V mx , k p 3 ) and glucose absorption ( k abs , k min , k max ) was

onsidered, following the work of Visentin et al. [19,20] . This way,

he platform resembles the one presented by Toffanin et al. [21] .

he intra-day variability for the time-varying parameters of IS and

lucose absorption was implemented as an almost step-wise-line

ignal that varies three times a day: at 4, 11 and 17 h Each in-silico

ubject was randomly assigned to a time-varying IS class profile,

s presented in [19] . The parameters involved with IS varied be-

ween 100 and 60% with a multiplicative random noise, described
Table 3 

Comparison of the standard treatment with the automatic SB for single day scenarios. 

Mean BG BG < 50 mg/dl BG < 60 mg/dl BG < 70 mg/dl

(mg/dl) (%time) (%time) (%time) 

Scenario 1 

Standard 127.45 ± 30.49 3.79 ± 7.52 6.37 ± 11.65 9.57 ± 14.48 

Automatic SB 133 ± 23.56 0.44 ± 1.43 1.9 ± 4.05 4.21 ± 6.18 

ρ - value 0.229 0.007 � 0.008 � 0.028 � 

Scenario 2 

Standard 117.56 ± 36.94 1.2 ± 2.4 3.82 ± 5.82 9.21 ± 6.6 

Automatic SB 117.25 ± 31.5 0.67 ± 1.45 2.74 ± 4.63 5.99 ± 6.48 

ρ - value 0.432 0.125 0.063 0.004 � 

Scenario 3 

Standard 117.96 ± 12.05 0 ± 0 0 ± 0 0.45 ± 1.42 

Automatic SB 120.35 ± 10.76 0 ± 0 0 ± 0 0.47 ± 1.47 

ρ - value 0.014 � − − −
� Statically significant ( ρ < 0.05) 
y a normal distribution N ( μ, σ ), with μ = 1 and σ = 0 . 2 . The glu-

ose absorption parameters were affected by a multiplicative ran-

om noise, using the average relative differences from [20] and

escribed by a normal distribution N ( μ, σ ), with μ = 1 . 059 and

= 0 . 044 . To take into account short-term variations on the DIA,

 sinusoidal variation of 20% of amplitude and 24 h period in the

ubcutaneous insulin absorption parameters ( k d , k a 1 , k a 2 ) was also

onsidered [22,23] . 

Daily patterns of time-varying basal insulin rate and I:CHO ratio

o compensate subject’s IS pattern were defined. The basal rate of

he patients was adjusted to maintain in steady state their fasting

lucose, so two levels were set: one when the IS parameters are at

00% and another when they are at 60%. The noise was not consid-

red for the basal insulin computation. The change of basal rate is

roduced two hours before the change of sensitivity was defined.

he different I:CHO for each moment of the day were defined as

00% or 60% of the nominal value as well, depending on the class

ype. 

.2.2. Scenarios 2 and 3 

In addition, two scenarios are proposed including mixed meals,

n order to evaluate the effect of different rates of glucose appear-

nce and to compare the automatic SB performance when facing

oth HGI and LGI meals. The intra-day variability introduced in IS

nd in the subcutaneous insulin absorption parameters was main-

ained as in scenario 1. 

A mixed meal library was built by using the method for glu-

ose rate estimation reported in [24,25] . The library contains 60

eals curves with different composition, covering a great variabil-

ty of glucose absorption profiles. There is the limitation that the

ixed meal library comes from clinical studies performed on non-

iabetic subjects, so they may have differences regarding real-life

eals or less physiological responses in comparison with the glu-

ose absorption model. Nevertheless, it is of interest testing the

roposed method under mixed meals, since the glucose appear-

nce rates could be a bigger challenge and slower rates can be

onsidered. Moreover, according to the literature [18–20,24] , the

arameter variability obtained in the glucose absorption model is

ostly attributed to different meal compositions. 

Since the glucose absorption model parameters used in the

1DM model and described in [18] were obtained from rapid ab-

orption meals, the glucose rate of appearance profile from the li-

rary replaces the glucose absorption model of the T1DM subject.

n order to enlarge the inter-patient variability, the glucose rate of

ppearance from the library was modulated by a random factor

both on duration and amplitude without affecting the area) and

lso divided by the patient’s body weight for each subject. 

The two scenarios consisted in four mixed meals of a total sum

f 200 g within 30 h. The time of the meals were: breakfast at
 BG ∈ [70,180]mg/dl BG > 180 mg/dl BG > 250 mg/dl BG > 300 mg/dl 

(%time) (%time) (%time) (%time) 

79.46 ± 17.46 10.97 ± 10.91 2.45 ± 4.85 1.04 ± 3.15 

86.29 ± 11.73 9.5 ± 10.3 2.15 ± 5.03 0.84 ± 3.7 

0.007 � 0.3 0.57 0.563 

80.52 ± 7.94 10.27 ± 3.95 0.17 ± 0.54 0 ± 0 

86.23 ± 9.2 7.78 ± 4.92 0.07 ± 0.21 0 ± 0 

0.001 � 0.001 � 0.5 −

99.55 ± 1.42 0 ± 0 0 ± 0 0 ± 0 

99.04 ± 1.59 0.49 ± 0.93 0 ± 0 0 ± 0 

− − − −
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Fig. 5. CVGA for 25g single meal scenario. Comparison between treatments in adults (square markers), adolescents (diamond markers) and children (circle markers). 

Fig. 6. CVGA for 50 g single meal scenario. Comparison between treatments in adults (square markers), adolescents (diamond markers) and children (circle markers) for the 

50 g meal. 
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Fig. 7. CVGA for 75 g single meal scenario. Comparison between treatments in adults (square markers), adolescents (diamond markers) and children (circle markers) for the 

70g meal. 

Fig. 8. CVGA for 100 g single meal scenario. Comparison between treatments in adults (square markers), adolescents (diamond markers) and children (circle markers) for 

the 100 g meal. 
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Fig. 9. CVGA for single day scenarios. Comparison between standard treatment (white markers) and automatic SB (black markers) (adults (square markers), adolescents 

(diamond markers) and children (circle markers)). 
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Fig. 10. Mean glucose ± SD response of the 10 adults on single meal scenarios. Dashed-blue line corresponds to standard treatment, solid-orange line to automatic SB. 

Grey area indicates euglycemic range [70 − 180] mg/dl. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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 h, lunch at 13 h, snack at 17 h and dinner at 21h. The mean rate

f glucose appearance profiles of the meals from the library are

eported in Fig. 4 . Fig. 4 (a) corresponds to the HGI meals of the

cenario 2 and Fig. 4 (b) corresponds to the LGI meals of scenario

. 

. Results 

The evaluation metrics are presented in Tables 2 and 3 , based

n the consensus report [26] . For comparison between treat-

ents, hypothesis testing was done using a 2-sample Wilcoxon

igned Rank test, considering ρ < 0.05 as statistically significant. In

igs. 5 –8 the results for the single meal scenarios are displayed

sing the Control Variability Grid Analysis (CVGA) [27] plots for

ualitative analysis of the control quality. For the latter, the treat-

ents are distinguished by color and the population age by shape,

eing squares for adults, diamonds for adolescents and circles for

hildren. The corresponding CVGA for the single day scenarios are

hown in Fig. 9 . The comparison between the mean glucose profile

lus standard deviation (SD) obtained by the treatments for adults

 Fig. 10 ), adolescents ( Fig. 11 ) and children ( Fig. 12 ) are shown

or different carbohydrate contents. The single day scenarios mean

lucose profile are shown in Fig. 13 . The shadowed area indicates

lood glucose (BG) euglycemic range (BG ∈ [70 − 180] mg/dl). 

. Discussion 

In summary, in the single meal scenarios the proposed method

tatistically improved the percentage time in euglycemia (stan-

ard treatment vs. automatic SB) (25 g meal: 96.03 ± 6.82 vs.
7.72 ± 5.21, ρ � 0; 50 g meal: 89.67 ± 12.27 vs. 93.53 ± 8.32, ρ � 0;

5 g meal: 81.9 ± 15.59 vs. 89.51 ± 11.95, ρ � 0; 100 g meal:

5.12 ± 18.23 vs. 85.46 ± 14.96, ρ � 0) and reduced the percentage

ime in hypoglecymia (i.e. BG < 70 mg/dl) (75 g meal: 5.92 ± 14.48

s. 0.97 ± 4.15, ρ = 0 . 008 ; 100 g meal: 9.5 ± 17.02 vs. 1.85 ± 7.05,

= 0 . 002 ), the percentage time at BG < 60 mg/dl (100 g meal:

.2 ± 14.31 vs. 1.14 ± 5.5, ρ = 0 . 008 ) and the percentage of time

yperglycemia (i.e. BG > 180 mg/dl) (25 g meal: 3.37 ± 6.33 vs.

.96 ± 5.03, ρ = 0 . 001 ; 50 g meal: 8.2 ± 8.61 vs. 6.05 ± 8.31, ρ =
 . 001 ; 75 g meal: 12.18 ± 9.94 vs. 9.51 ± 9.94, ρ � 0; 100 g meal:

5.38 ± 11.26 vs. 12.68 ± 11.76, ρ � 0). The rest of the evaluated

etrics did not experience a statistically significant change but

how an improvement trend. 

In the CVGA plots, depicted from Fig. 5 to 8 , it is noticeable

hat the glucose excursion was reduced under the automatic SB in

omparison with the standard treatment (standard treatment vs.

utomatic SB) (25 g meal: A zone 60% vs. 64%; 50 g meal: A zone

7% vs. 37%; 75 g meal: A zone 13% vs. 20%; 100 g meal: 3% vs.

3%). A down-left shift trend of the total population under the au-

omatic SB is noticed in regard to the standard basal-bolus treat-

ent and manual SB. Despite that the treatments fail in control-

ing children patients for large meals in certain cases, the results

ndicate that SB treatment can obtain a better open-loop control

uality over large meals than the standard treatment. In Fig. 10 to

2 , where the glucose profiles of each case are depicted, it can be

een how the postprandial excursion is reduced under the auto-

atic SB treatment. The postprandial peak diminished and patients

each glucose levels closer to their fasting level in the late post-

randial (8 h after the meal). 
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Fig. 11. Mean glucose ± SD response of the 10 adolescents on single meal scenarios. Dashed-blue line corresponds to standard treatment, solid-orange line to automatic 

SB. Grey area indicates euglycemic range [70 − 180] mg/dl. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

Fig. 12. Mean glucose ± SD response of the 10 children on single meal scenarios. Dashed-blue line corresponds to standard treatment, solid-orange line to automatic SB. 

Grey area indicates euglycemic range [70 − 180] mg/dl. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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Fig. 13. Mean glucose ± SD profile for single day scenarios. Dashed-blue line cor- 

responds to standard treatment, solid-orange line to automatic SB. Grey area in- 

dicates euglycemic range [70 − 180] mg/dl. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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It is worth mentioning that the manual SB achieves a main

mprovement over the standard treatment as well. Still, it must

e emphasized that the results obtained by the manual SB are

orrelated with the automatic SB since tuning of the manual SB

omes from the mean of the cutoff times obtained by the proposed

ethod. The results with the manual SB are only presented in the

VGA figures for clarity and space reasons. 

Regarding the second set of simulations, in Table 3 it can be

een that the automatic SB has reduced considerably the time

n hypoglycemia in Scenario 1 (9.57 ± 14.48 vs. 4.21 ± 6.18, ρ =
 . 028 ) and severe hypoglycemia (BG < 50 mg/dl: 3.79 ± 7.52 vs.

.44 ± 1.43, ρ = 0 . 007 ; BG < 60 mg/dl: 6.37 ± 11.65 vs. 1.9 ± 4.05,

= 0 . 008 ). The time in euglycemia is improved under the au-

omatic SB (79.46 ± 17.46 vs. 86.29 ± 11.73, ρ = 0 . 007 ). Scenario 2

hows an statistically significant improvement in the percentage

ime spent in euglycemia (80.52 ± 7.94 vs. 86.23 ± 9.2, ρ = 0 . 001 ),
ypoglycemia (9.21 ± 6.6 vs. 5.99 ± 6.48, ρ = 0 . 004 ) and percentage

ime at hyperglycemia (10.27 ± 3.95 vs. 7.78 ± 4.92, ρ = 0 . 001 ). Al-

hough the scenarios have the same total amount of carbohydrates,

ue to the low rate of glucose appearance of LGI meals, there is not

 considerable improvement in scenario 3. In Fig. 13 it can be seen

he reduction in the glucose excursion, particularly in scenarios 1

nd 2. It can be remarked in Fig. 9 , the reduction of the glucose

xcursion by the automatic SB for the first and HGI mixed meals

cenarios (scenario 1: A zone 7% vs. 13%, B zone 37% vs. 44%; sce-

ario 2: B zone 20% vs. 40%). In the case of LGI meals, the auto-

atic SB does not show an improvement over the standard treat-

ent. It is worth noticing in Fig. 13 (a) and (b) that the proposed

ethod leads to glucose levels closer to target at night, after the

inner postprandial period. This result is sought in glucose man-

gement of T1DM patients because of the danger that night-time

ate post-absorptive hypoglycemia entails. 

The methodology robustness was evaluated under conditions

lose to real-life scenarios and results indicate that the method im-

roves open-loop glucose control. Even though the proposal was

valuated in an open-loop manner, using real-time estimators as

entioned, the automatic IOB-based SB could be applied in closed-

oop control in order to improve glycemic control, as some current

orks propose [28,29] . 

. Conclusion 

In this work a novel treatment for open-loop glucose control

as introduced, based on the SB treatment and the subcutaneous

nsulin dynamics of the patient. This method does not add com-

lexity to software programming in commercial insulin pumps,

iving rise to a new alternative for diabetic patients. 

Despite the intrinsic limitations of being an open-loop treat-

ent, the automatic IOB-based SB allows expecting even greater

mprovements in real life conditions based on the practical use and

enefits of manual SB. As a whole, the results demonstrate the ef-

ectiveness of the proposed algorithm, particularly facing high HGI

eals with high carbohydrate content. It is graphically noticeable

n the glucose profile of each case how the postprandial glucose

xcursion is reduced under the automatic SB treatment, as the the-

retical justification predicted. 

Overall, the results of in-silico tests put in evidence better per-

ormance of the proposed method facing a HGI compared to the

tandard treatment, particularly the ones with high carbohydrate

ontent. For HGI meals the current standard basal-bolus treatment

annot assure a good glucose control, but the automatic SB treat-

ent may yield an improved postprandial control, being able to

revent late postprandial hypoglycemic events. The method could

e implemented in the current approved devices disposing an al-

ernative within the pump for those patients which prefer to use a

B in certain cases, so they can free themselves from the calcula-

ion and preparation of a manual SB. The in-silico results are good

nd very encouraging and worth testing the method in-vivo . 
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