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Abstract : Peoplewith type 1l diabetes require frequent adjustm ent oftheirinsulin
dose to maintain as near normalglycem ia as possible. This process is not only
burdensom e, but ormany di cult to achieve.Asa result, controlalgorithm s to
facilitate the insulin dosage have been proposed, but have not been completely
successfiil in nomalizing glycem ia. Here we present a novel mun-to-mn control
algorithm to adjust themealrelated insulin dose using only postprandialblood
glucose m easurem ent s.
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1. INTRODUCT ION The chronic hyperglycem ia in diabetes is associ -
ated with long-term complications due to dam -

The Expert Committee on the Diagnosis and age, dysfunction and failure of various organs,
Classification of Diabetes Mellitus (2003) defineepecially the eyes, kidneys, nerves, heart and
diabetesmellitusasa group ofmetabolic dissadedood vessels.Thethreemain complicationsbeing
which are characterized by hyperglycem ia. Thigetinopathy, nephropathy and neuropathy. These
hyperglycem ia results from defects in insulin geen eventually lead torenalfailure,blindness, am -
cretion, insulin action, or both. Type 1 diabetpatation and other types of morbidity. Subjcts
is caused by an absolute deficiency of insulinwith diabetes are at higher risk of cardiovascular
secretion. It includes cases praimarily duB to disease, and face increased morbidity and mortal-
cell destruction, and who are prone to ketoaciity when critically i11.
dosis. These cases are those attributable to a
autoimmune process, aswellas those withel 1
destruction for which no pathogenesis is know
(i.e.idiopathic) .Peoplewith typel diabetes %
depend on exogenous insulin. kisestimated tha
17.1millionpeopleworldwidehad typel dlabe!f{
in 2000 (Wildt al., 2004;Eiscleint al., 2004).

Phe e cacy of intensive treatment in prevent-
ing diabetic complications has been established
he D iabetesControland Complications Trial
(Diabetes Control and Complications
als Ressarch Group, 1993) and the United
ingdom Prosgpective Diabetes Study (UKPDS)
(UK Prospective Diabetes Study Group, 1998) .
In both trials the treatment regimens that re-
duced average glycosylated hem oglobin (aclinical
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measure of glycam ic control, which reflects averusers. Peters et al. (1991) adapts this algorithm

age blood glucose levels over the preceding 2-3and compared its e ectiveness against manual

months) A¢ toapproximately 7% (normalrangeadjustm ents, finding that metabolic control and
1is4-6% ) wereaswociated with fewerlong term m isafety were com parable in both.

crovascular complications. Recent evidence even , . ,
suggest s that these target level sm ight not be lchaklng the l’,leurlStl,c algolrlthm of Skiy hér

(1981) astheir starting point, Bayet (1990)
enough (Khaw et al., 2001). \ ) L

create theirown algorithm s; as the original, they
Intensive treatment requiresmultiple (3 ormomie pre-prandialblood glucose m easurem ent s. Tn
daily injctions of insulin, or treatment withaanlinical trial of 50 subjects they clearly show
insulin infusion pump. In any case, this tighthatthe com putergroup did much betterthan the
controlie. asclose tonormalaspossible) should regular intensive treatm ent group (Schrezenmeir
bemaintained for 1ife in order to accrue the fukd al., 2002).
benefits. M any factors influence the insulin dose

. Y . . . . . So_ far, none of these com puter algorithm s m ake

requirementsovertime, includingweight ,physical Fth v neilns. O ¢ al
condition and stress levels. Due to this, frequen =0 € NEWELr Onom eric MSIMS. LW enst a

blood glucose monitoring is required. Based o 2905) propgsefstrun—to—run oontrolalgorl'lchm t,o
. . adjustthetimingand doscsofmealrelated insulin
these measurem ents the insulin dosage must be

modified, dietary changes implemented (sich asl?oluses, taking advantage of these fast acting in-

. . L ailzlin formulations. The basic assuimption is that
alteration in the tim ing, frequency and conten . , i
. .o here is a sensor available from whidch frequent
of themeals) , aswellas changes in activity an
. blood glucose measurem ents can be taken, and
exercise pattems. . .
thus the maximum and minimum blood glucose
With the advent of home blood glucose moni- excursions in the prandial period can be deter-
toring technologiesbecom ing available, physicianined. The feasibility of the algorithm was stud-
started to seek ways to use this information tieed in a clinical setting, making som e changes to
fine-tune the therapeutic regimen. Among theallow forfingerstick blood glucose determ inations
firstheuristicalgorithmsin the literature, watt#0 and 90 m inutes after the start ofthemeal,
highlight those of Skyleral. (1981) and Jo- inlieuofthemaximum andm inimum .Two-thirds
vanovic and Peterson (1982) . Both set heuristiof the subjects maintained acceptable glycemic
rulesbased on practicalexperience; themain difontrol, but the rest diverged in their responses
ference between these two is that Skylet al. due to various factors (Zissbml., 2005).
(1981) relies on pre-prandialblood glucose m ea-

) . X i i ith
surem ent sexclusively, while Jovanovic and Peterﬁ:l thisworkwemodify thealgorithm toovercome

. the di culties encountered in clinical practice.
son (1982) usesprandialm easurementsaswellto ] ) ;
. . . . The run-to-mn fomulation described here gives
adjust the insulin dosing.

more flexibility to the subject, as blood glucose
The algorithm proposed by Jovanovic and Peter-m easurem ents are not required to be taken at
son (1982) is taken as the basis to program asgpecifictimes.n section 2 we present thebasisof
pocket computer,whichwastested in5typeldia-the mun-to-run algorithm , ©llowed by the specific
beticsubjcts.They demonstrate that computer-implementation for insulin dosing. W e present
assisted insulin-delivery decision making is fesimiulation resultsusing thismethod in section 3.
ble (Chanochet al., 1985) . This com puter pro-
gram was then compared to the standard ap-
proach for new continuous subcutaneous insulin 2. RUN-TO-RUN ALGOR ITHM
nfision pum p users. Petersonet al. (1986) found
the approach to be feasible, although it did noffhe original formulation for the run-to-run con-
fully normalize blood glucose levels. Still, domolapplied to insulin bolusdosing and timing is
puter users achieved lower average blood glucosedescribed in (Owenst al., 2005) . It is based on
and A jcvalues over the course of the study. the application of a constraint control scheme in
the run-to-rmun framework to optim ize the oper-
ation ofbatch processes in the chem ical industry
E_Er_inivasaat al.,2003a;Srinivasant al., 2003b).

Schi rinet al. (1985) programmed a portable
com puter to adjust dosing of short and intem e-
diateacting insulin in a 2-injection perday str
egy, using pre-prandial blood glucose measure-The general mun-to-rmn controlalgorithm is:
ments. Even within the limitations of the the%fl—)
apy regim en used, they saw m arked im provem ent s

in glycemic control when using the computer.
Chiarellet al. (1990) compared this computer
method with a manualm ethod; while they found
nodi erencesinglycem icoontrol,they did notice
fewer instances of hypoglycem ia in the com puter Vi = F ) @)

Param eterize the input profile for kyn

ug ), as U (¢, vg) . Also consider a sampled
version, ¥, of the outputyy () , such that

it has the same dimension as the controlled
variable vectoy . Thus we have
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(2) Choose an initialguess fgr (whenk = 1). G{UIp,)- GUBg,)

(3) Complete the mun using the inputt) cor- Y= |GUL,)- GUL,) 3)
regponding tay, . Detemm inew, from the GIp,)- GUDp,)
m easurem ent gy, ).
(4) Update the input param eters as As the times can change from one meal to the
next, and from run to rn, we need a reference
Vi1 = Vg + K @7 - ) @) valuethat isnormalized with respecttotime.W e

C(1iefj.ne this reference in tem s ofunits of gluoose
perm inute for each meal)y, and then scale by
the actual time between the two m easurem ents.
Wecanwritethisas

where K isan appropriate gain matrix an
1" represents the reference values to be at-
tained. Increm ents or the next run, and
repeat steps 34 untilconvergence.

. T, - T,
In the context of diabetes m anagem ent, we use wr T T _T @)
, , = %o Lo Ly
the natural day-to-day cycle as a run; within Tp, - Tp
2 1

thismn, there are three ssparatemeals (namely

breakfast, lunch and dinner) , orwhich an appro_where denotes the Hadam ard (element-wise)
priate insulin bolus has to be determ ined. Tigoduct.

object?.ve lS. to minim :|.ze. the. pran.dlal glyoem,f.ge manipulated variabkeis simply the dose
excuftsz.on, w1thotl1t overdosing insulin. Thus, OULE 5 naulin corresponding to each meal of day
manipulated variablg,t) , comresponds to the T s

. , : . Vg = [QB Qr QD] .Thecontrollergaili,issest
insulin profile, and them easurem ent profil &), i . , . .

X . dependingon theinsulinsensitivityofthepatient.
corresponds to glucose measuram ents. Tinfeis
within a given ddy, which isalsoamn.Owens The reasoning for this perfom ance measure is
et al. (2005) chow, using an RGA analysis, that based on the blbod glicose response seen for
thereise ectively no couplingbetween themealdi erent doses.Forabolisthat iscorrect Iy dosed,
wealsousethisassumption in thenew algorithmwe expect thepeak glucose excursion tobearound
There were two drawbacks to the ordginalim ple—60 m 11'I1utes, and to drop from that point on )
. . . ,until it reaches the basal level. If the bolus is
mentation when evaluated in a clinical settl%%. , .

. . .. der-dosed, thism oves the peak into the future.
The first was the changing of the tim ing of the , . ,
\ \ . hus, i fwe have under-bolused, the di erence in
insulin boluswith respecttothestartofthem R .

. . . . , _.blood gluoose level s between the first and second

Many timesthisresulted inabolusbeingadm inis- . , .
. . ) measurements will be negative, or positive but
tered in themiddleofameal ;atothertimes, the .
o . very small .Asthedose approachestheideallevel,
adm inistration before the start of the meal wa’?hisdi cewillin = Thisisallillustmted
inconvenient to the subject, and wasnot adhered | . ’
. . . . in figure 1(a) .
to. Besides, when using monomeric insulin, the
tim ing of the bolusmakes a negligible di erence
in the postprandial profile when compared with
the e ect of the dose. For these reasons it was 3. SIM ULATION RESULTS
decided tofix the timing to always coincidewith
the beginning of the m eal . The second drawback There are severalpublished m odelsofglicose and
was the need forblood glucose detem inationsatnsulin dynam icsin the literature.Forthispartic-
60 and 90 minutes after the start of themeal ; ifular study we have selected the one published by
the subject for som e reason forgot to takeeitherof Hovorka et al. (2004) , replacing the subcutaneous
them , then the algorithm wasnot able to correcinsulin infusion modelwith the one described in
for the ©llow ing day (Zisgtwl., 2005). (Wilinskat al., 2005) . The m odel captures not
only the dynam icsofglucose and insulin, butalso

Themain change isin the sel or ,Of,th? P i ne absortion ofinsulin from a subcutaneousde-
form ance m easure used. To have theflexibility of_, . . . D .
livery (asisthecasewith insulin infusion pumps) ,

taking blood gluoose measuraments at di erent :
. . and the appearance of glucose in plaana from a
times, we can no longer use a fixed glucose level . |,
, , mixedmeal.

Instead, we use an approximation of the slope

of the glycem ic regponse. The only restrictiorBor each day, the simulation has the meals at
we place on the patient is that the first glucoss3: 00, 12: 00 and 18: 00 hours, with a carbohydrate
m easurem ent must be taken at least 60 m inutes content of 20, 40 and 70 grams, respectively.
afterthe startofthemeal, and the second one beFor each day and meal, the timepoints at whidch
at least 30 m inutes after the first, but not m oreblood glucosem easurem ent saretaken are selected

than 180 m inutes afterthe start of themeal . W erandom 1y (using a uniform distribution) ; thefirst

denote these times, for each meal, dBg,, I, , one can takeplace from 60 to 90 m inutesafterthe
T+ T, Tp, , Tp, . Then, our sampled output startofthemeal, the second one ©©llows 30 to 60
vectoris m inutes later.
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(b) Glucose profile over a period of 25 days

Fig.1l.In (a) itcan clearly be seen that thetim ebetween sampling tim eschanges forthedi erentmeals,

and showshow the mun-to-rmun algorithm isable tobring thedosingwithin the desired bounds. (b)
show s the ful 1profile over 25 consecut ive days.

The reference drop inblood glucose (perm inute) yr _ [0,058 0.104 0.30]" . The controller gain is
was selected foreach m eal separately, oonsideringgy o K = 0.0005, and is scaled by 2, 3 or 4

the typicalam ount of carbohydrate consumed in g qipjects with lower insulin sensitivities. The
eachmealasthemainguideline.W ehave selected
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1:10) .Thuswestartgivingmuch lessinsulin than
is actually required for the first ron=( 0).
Figure 1(b) shows the simulation for 25 days,
with figure 1(a) highlighting a couple of days
only. The dotted lines show the desired bounds
fortheblood glucose excursions; note thatwe are
more aggressive in keeping blood glucose below
150 mg/dlthan preventing it from goingbelow 70
mg/dl.

Even though thealgorithm doesnotdirectly con-
gidertheminimum andmaximum excursionsafter
ameal, these are still relevant clinical m arkers.
Figure2 cshowsthemaximum andm inimum values
aftereach m eal ,where once again thedotted 1ines

Fig.2.Maximum and minimum glucose excuriepresent the desirable bounds. The amount of
sions after a meal converge to clinically acthe insulin bolusand the corresponding insulin to

ceptable bounds.
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carbohydrate ratios are shown in figures 3 and 4,
regpectively. The insulin to carbohydrate ratio is
what the patientsand physiciansuse to calculate
their insulin requirements for a given meal ; this
shows clearly that thealgorithm convergesto the
idealratio. Ik is important to note that although
in this case they converge to approximately the
sam e value, it is not necessarily the case in real
life,asinsulin sensitivity hasa circadian variation
which is not captured by the simulation m odel
used.

4. CONCLUSIONS

The feasibility of using mun-to-run contrl to

Fig.3.Mealinsulinbolusconvergestotheoptim 2eterm ine the optimal insulin bolus dose and

amount forthegiven meal .
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tim ingwasshown by Zissetal. (2005) ,butsome
hurdles were identified. Changing the tim ing of
the insulin boluswasone of them , which coupled
with the eamall di erence it makes when using
monomericinsulin, itwasdecided to keep itfixed
to coincide with the beginning of themeal . The
second was the requirem ent that blood glucose
measurem ents be taken at 60 and 90 m inutes;
besidesim posing additionalburden on thepatient
to keep close track of time aftera meal, it also
meant that when the patient missed these time
points the algorithm oould no longer make a
correction for the dosing the follow ing day.

W e have proposed a new perform ance m easure,
which gives the patient the freedom of taking

Fig. 4. The algorithm converges to the mepost—prandialgluoosem easurem entsattimesthat

insulin to carbohydrate ratio, regardless 3
the carbochydrate content of themeal .

FEmore flexible and do not require them to be-
com e slavesto theclodk .W ehave shown that even
with thisvariation in thetiming, the controlleris

amount of the insulin bolus is rounded to theable to converge within a couple of days, signifi-
nearest 0.1 U of insulin, which is the resolutiaantly im proving the degree of glycem ic control .

ofmost infiisi on pum ps.

Further simulation studies must be done to in-

The initial guess for the insulin requirem ent forporate other sourcesofvariability that are ex-
each meal is set at an insulin to carbohydratepected, including measurem ent noise, misnatch
ratio of 1:33 (a more typical value is arounbetween the estimated carbohydrate content of
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the meal and the actual value, and variation in Prospective Investigation of Cancer and Nu-

thetim ingand catbohydrate contentofthemeals. trition (EPIC NorolBitish Medical Jour-

mitialresults (not shown) are quite encouraging. nal 322 (7277), 15-18.

W e are current 1y undertaking a obustnessanaly-©Owens, C. L., H. Zisser, L. Jovanovic, B . Srini-

sis that takes into account allof these sources of vasan,D.Bonvin and F.J.Doyle, IIT (2005) .

uncertainty. Run-to-mn controlofblood glucose concen-
trations forpeoplewith type 1l diabetesmel -
litudEFEFE Trans Biomed Eng, submitted.

5. ACKNOWLEDGEM ENTS Peters,A.,M .Riubsamen, U.Jacob,D.Look and

P.C.Scriba (1991) .Clinicalevaluation ofde-

W e acknow ledge the support from the National CiSiOIll Support system rinsulin-doseadjust-
Tnstitutes of Health (grants RO01-DK068706-02  Ment in IDDM . Diabetes Care 14 (10), 875~

and R 01-DK068663-02) thathavem ade thiswork 880.
possble. Peterson,C .M .,L.Jovanovic and L.H.Chanoch

(1986) . Randomized trial of ocomputer-
assisted insulin delivery in patientswith type
I diabetes beginning pump therapym J

REFERENCES Med 81 (1), 69-72.
Beyer, J.,J. Schrezenm efr, G . Schulz, T . Strack, Schi rin,A.,M .M ihic, B.S.Leibeland A. M .
E. Kstner and G. Schulz (1990) . The influ- Albisser (1985). Computer-assisted insulin
ence of di erent generations of computer al- dosage adjustm ent Diabetes Care 8 (6), 545—
gorithm s on diabetes cont rGemput Meth- 552.
ods Programs Biomed 32 (34), 225-232. Schrezenmelr, J., K. Dirtting and P. Papazov
Chanoch,L.H.,L.Jovanovicand C .M .Peterwon (2002) . Controlled multicenter study on the
(1985) . The evaluation of a pocket com puter e ect of computer assistance in intensive in-
as an aid to insulin dose determination by sulin therapy of type 1 diabeti@smput
patientsDiabetes Care 8 2), 172-176. Methods Programs Biomed 69 (2), 97-114.

Chiarelli, F., S.Tumini, G.M orgese and A.M Skylr,J.S. D.L.Skylr,D.E.Seglrand M .J.
Albisser (1990) . Controlled study in dia- O’Sulliven (1981) .Algorithm sforadjustment
betic children comparing insulin-dosage ad- of insulin dosage by patients who monitor

justment by manual and computer algo- blood glucosdliabetes Care 4 (2),311-318.
rithm sDiabetes Care 13 (10), 1080-1084. Srinivasan, B., D. Bonvin, E. Visser and
Diabetes Control and Complications Trials Re- S. Palanki (2008) . Dynam ic cptimization
search Group (1993) . The e ect of intensive ofbatch processes: II. role of m easurem ent s
treatment of diabetes on the developm ent in handling uncertainBGemput Chem Eng

and progression of long-term complicationsin 27 (1), 27-44.

insulin-dependentdiabetesm el 1N threl J Srinivasan,B.,S.Palankiand D .Bonvin (003

Med 329, 977-986. Dynam ic optimization of batch processes:
Eiselein, L., H. J. Schwartz and J. C . Rutledge I. characterization of the nom inal solution.

(2004) .The challenge of type 1 diabetesmel-  Comput Chem Eng 27 (1), 1-26.

1litudLAR J 45 (3), 231-236. UK Prospective Diabetes Study Group (1998) .
Expert Committee on the Diagnosisand Classifi- Intensive blood-glucose controlwith sulpho-

cation of DiabetesMellitus (2003) .Reportof nylureas or insulin compared with conven-

the expert committee on the diagnosis and tionaltreatment and risk ofcomplicationsin

classification of diabetes m ellitubetes patientswith type 2 diabetes (UKPDS 33) .
Care 26 (sl) , s5-<20. Lancet 352, 837-853.

Hovorka, R., V. Canonico, L. J. Chassin, U. Wild, S.,G.Roglic, A.Green, R. Sicree and H.
Haueter,M .M assi Benedetti,M .0.Federici, King (2004) . Glcbal prevalence of diabetes:
T.R.Pieber,H.C.Schaller, L. Schaupp, T . estimates for the year 2000 and projctions

Veringand M.E.Wilinska (2004) .Nonlinear for 2030.Diabetes Care 27 (5), 1047-1053.
m odelpredictive cont rolofglucose concentraWilinska, M . E., L. J. Chassin, H. C. Schaller,

tion in subjectswith type 1 diabePkgsiol L. Schaupp, T. R . Pieber and R . Hovorka

Meas 25 (&), 905-20. (2005) . nsulin kinetics in type-1 diabetes:
Jovanovic, L. and C. M. Peteron (1982). Continuousand bolusdelivery ofrapid acting

Hom e blood glucose m oni t or igpmpr Ther insulidEFEFE Trans Biomed Eng 52 (1),3-12.

8 (1), 10-20. Zisser, H., L. Jovanovic, F. Doyle, III, Paulina
Khaw, K.T., N. W archam , R . Luben, S. Bing- Ospina and Camelia Owens (2005) .Run-to-

ham , S.0Oakes, A.W elch and N.Day (2001) . run control of meal-related insulin dosing.

Glycated haem oglobin, diabetes, and mortal-  Diabetes Technol Ther T (1), 48-57.
ity in men in Norfolk aohort of Eurocpean

IFAC -526 - ADCHEM 2006



