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Descriptibn of the Related Art:
[0002] Intradermal (ID) delivery of insulin has been recently shown to produce

more rapid uptake and clearance of therapy than subcutaneous (SC) delivery of
insulin, as well as increased bioavailability. This rapid onset reduces the lag time

between injection (e.g., infusion commanded by a controller) and patient response.



-2- [0003] ID delivery of insulin also avoids
conplications associated with intravenous (IV)
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response test, the length of which is determined by the sampling rate and the duration
of the insulin response. The use of short acting insulin reduces this time requirement
relative to that required for regular insulin. Similarly, use of ID delivery of regular
insulin reduces the time requirement relative to SC delivery. However, the use of
intradermally delivered short-acting insulin should reduce that time even further,
since both the response profile and the possible sampling intervals can be shortened.

[0006] In addition, even in non-physiologically based models, such as a 3-
compartment minimal model, some insulin sensitivity parameters would preferably be

generated for a patient. The duration of any such test can be shortened by use of an



[0006] In addition, even in non-physiologically based
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insulin sensitivity paraneters would preferably be
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-compartment currently exists. However, this model overestimates the effect of
glucose concentration on cellular glacose uptake, and underestimates the contribution
of elevated insulin levels. The result of the mis-match between observed physiological
behavior and this three state model would be degraded controller performance.

[0010] In addition, the goal of a controller typically is to keep a system parameter
(e.g., blood glucose) at or near a target value (e.g., 80 or 100 mg/dl). Because the
blood glucose level of uncontrolled diabetics is typically much higher than the desired
target level, when a controller is first applied to a new patient, there is a potentially

large difference between the current glucose level and the target level. If a controller,



behavi or and this three state nodel would be degraded
controll er performance. [0010] In addition, the goa

of a controller typically is to keep a system
paranmeter (e.g., blood glucose) at or near a target
value (e.g., 80 or 100 ng/dl). Because the bl ood

gl ucose | evel of uncontroll ed4di abetics is typically
much hi gher than the desired target |evel, when a
controller is first applied to a new patient, there is

t 1
BB 5 & e bregi ARkl (MPE), A7 iltfEeh 45 R ffients blood
@mt:cﬁsﬁ ﬁ‘bngat}@pgig@%bmw ezﬁit.le to :ieypmzﬂ trarget mlue( M?ﬁ)afshmﬁest possible
instructed to bring a n
Hiper ey esrlt Witk e (Tabi It’;’BF ég | 11y ‘gF’g e‘f’g‘é’ﬁlc’g}é?l if g:g]%%esult in
Sjﬂ% ?ﬁrﬁ%mﬁosﬁ el f1p ﬁ] olfel S {nSfiiba W i(elzel'pbtﬁe %aﬁéﬁi'a@' the current

|nsuI|n rraylnturn resu
Myspecdlyeaiic statel fnd tlmnNP@rarhmﬂy bhhg thej tsrgehgtuousmmm tp a typical

keep the patient at_the cu t.at
FiAcEet Naiver et il beos eigsiophnmy %8 SOt Jeis shgnce of
R&}ggﬁgn target value, the result wll be a gradual

Insulin, with far | ess chance of
rmmu}ycmanvehﬁﬁﬂdl] made edvisittatiogad consudlenfwould theata hgng the

troll b
Scra%%gg%oq sl el npfrahe e opup goubdlan B s gpiq be done
g ?neﬁlﬁHf ﬁ’lsl!ﬂﬁ'r %on‘ﬂnﬁ/dﬁ%ﬁﬁulhﬁlﬁybf glubd¥egfifak€However, while

mani pu | ucose i ntake. However, while
ttedtmcaibzl kiynpdé, nfhise aploma@l amm%éwhﬁmmoasmlﬂgl fas the Pél’flel'lt and
consur{]éng for the patient and wunreliable. [0012]
% of systems and devices generally related to

vgxsmg HDfQ stexﬁE‘ @ﬁ@\d@mceer gerfémlgrﬂem forehblabove fields of
atent 558, , 441, 747

SenglE 0B 4ae 4es¢9hecbao Hn‘a Ratens Nw1, 6,558,80ibl 6<MeT4D, $,569,186,

TALALLA PRI 8&1%@#@% 0;9u%1fr%f?egd3§3§ Lhee to)éﬁﬁféaﬁé’n No. US

Pajoe mioospal MQlat(bﬁrﬁed\on BRclorD48ickifdorAlandi Copiphhy)s hﬁdpubhshed
International Patent Application No. WO 00/ 74753 Al

i Furppesini Rejteag Agpllgtmhl@ 1i480d Adopn ipublishsd INgmatlg@l Patent
-
RﬂW) 62\@21758,51116&;1 ti folld28ng BGlicationda Robert Harkfﬁ and lﬁlgzﬂl@s Doyle,
@lo{y@(ggeé zgiﬁygé?ehygzé{eg%%nIgg:;{ﬁéfﬂ%@ (%%%,GPatﬂ?ethogé Doyle, F.
J., Peppas, N. A. The Intravenous Route to Blood Glucose Control IEEE Engineering
in Medicine and Biology, pp. 65-73 (2001); Parker, R. S., Doyle, F. J., Peppas, N. A.
A Model-Based Algorithm for Blood Glucose Control in Type I Diabetic Patients
IEEE Transactions on Biomedical Engineering, 46(2), pp. 148-157 (1999),
“Investigational device mimics a pancreas, brings an artificial pancreas one step
closer to reality” ADA Annual Meeting --SAN FRANCISCO - June 17, 2002
(obtained from, www.medtronics,com); The ADICOL (ADvanced Insulin COntrol
using a closed Loop) Consortium (www.adicol.org); Biostator algorithm (Clemens, A.
“H., Feedback Control Dynamics for Glucose Controlled Infusion System Med Prog

Technol, 6, pp. 91-98 (1979); Parker, R.S., et al., Robust H-infinity Glucose Control in



in Medicine and Biology, pp. 65-73 (2001); Parker, R
S., Doyle, F. J., Peppas, N. A A Mdel -Based

Al gorithm for Blood ducose Control in Type | Diabetic
Patients |EEE Transactions on Bi onedi cal Engi neeri ng,
46(2), pp. 148-157 (1999); "lnvestigational device

m mcs a pancreas, brings an artificial pancreas one
step closer to reality" ADA Anpual Meeting --SAN
FRANCI SCO - June 17, 2002 (obfained from

www. medt r oni cs, con); The ADI COL (ADvanced Insulin

Control using a closed Loopa?g Consortium
(Md&@ﬁe& $isingr @)PhvEplesical dfodsl gHHENM 46 18)ens 25A7-2549 (2000);

. sgeaback: 4o 'ﬁl&%b 15%91 ndo rgéb';‘f 912%;0810&%%9 b ith o short-

Infu3|on "Syst erh Me echno
( 1979g iPsuliveanalpy $or, la'z@r tatm cliRalsppkedtiohi of 4 weamble artificial

SRR R Sbasl By PUBICHTE LB % By MR P OGS Sorensen,

Shi kg4, Phﬁszobtgzcaﬁhlodel(af OHcbst (ﬂﬁ{ﬂaﬁ&a\l&bﬁ Uk aNBQuEL it tlofDeszgn and
orlt

tor PR graP i CiTR L e BRDSTHSS A Mil o (1963% Chassin,

artmf_ i g S | r r d
tnang 5 1) SPRARGE, DRORDER Bloot ANDE! SR ol BB) in glucose
Phy&§as1rsgier!. itideatesot’: dl@@ PV d%@ﬂzi),sﬁhasﬁml\/&i and Haverka, R.,

e L e e

et lafwlmt&mmlsaxdlangcdbetebgml440592;Suppd131e(2601)1 amsl R.SEP4rkary FJ. Doyle

SuphirBxpeiag b8 P, R GRS, ME Pregicnd CEGHFR Y Tbon Pump st

d dsme@ohp@ﬂhagsa?emdﬁmmngmmg M Mleticing an& BFbgN08th Annual
o dniegatorR} bty papen 0. 20p Agisisplim, The Hheyiandsn 996, the entir
R ZontBias EEEach beingBRHRratbd hereid b rei%l%‘ht:é ng, and N A

Peppas, Model Predlctlve Control for Infusion Punp
| né O18] Apegedibergforpesisisdiat agyston atnldenﬂEEEc@a@lm@t‘emegg these

A s, 2008k PR AR R RO B, it o

1 9 @6hvelr hesuéintto raepaticoinwbil¢ saininiziag lthe ea:dtngencmcﬁﬁ h)gfoglyeekma, and

oo B A B SR DR Gh g BT white s

pr bking kBpadiof dpergtat highﬁamphﬁ% rftesidhABE dnyrol Pardsiindce is not
| D.del ery devi ce that can iver insulin to a
pafif&#eduni | e nininizing the occurrence of

hypogl ycem a, and which can maintain desired bl ood

gl ucose concentrations i-n the patient, while al so

SUMMARY OF THE INVENTION
[0014] Example embodiments may provide a system and method for maintaining
continuous, long-term control of a concentration of a substance in a patient, and for
determining the time-dependent profile of the desired concentration of said substance,

said desired concentration being constant or varying with time.



bei ng capabl e of operating at high sanpling rates so
that control performance is not degraded. SUVMARY OF
THE | NVENTI ON [ 0014] Exanpl e enbodi ments nmay provide a
system and nmethod for maintaining continuous,

| ong-term control of a concentration of a substance in
a patient, and for determning the tine-dependent
profile of the desired concenggation of said
substance, said desired concentration being constant
or varying wwth tine. 5a- [0015) Exanpl e enbodi ment s

o] stem nd met hod, f or i nt ai ni e
c R DR TREEPHRTERYT BV € B G i fog maintaining
C omﬁm&bﬁ@ﬂongrtsméomod bidhe blddd RhicosdoncetBiatighstof &Qﬁiﬁeﬁlc patient

orithm det n1n|ng the tine-dependen
8|ae°‘2ﬁm§r?gg @p F‘E fgy GE*S%%‘%@’@n@lﬂﬁidﬁmde%taPr@ﬁle of the

d a8dired 18ddde %ﬁceﬁﬁﬁ‘ﬁi’ﬁp tsﬁlﬁtde%‘edo glue&ec&ﬁléérﬁ%{loﬁ’ foeing constant or
varyi ng mnth time. [O Exanple enbodi nents may

ph@ﬂﬂ%kw @Wgten1and nethod enploylng a

IIy Lver vice that can.b us
fU0TS | R i ro i mE phpPRY el ng B8 cHRiSYing o
Cﬂnhmﬂillyﬂﬁvémmﬂh clelivay I”tt@ﬁuo@a:ﬂﬁtaé&dbe Li844LiA] cdnfunction with high
accordance with a fI{St aspect of the present

i RPERmEdAtes s dbateontrol perfgpmensy lsdl%%%‘"é‘?ﬁdf or controlling
t pe01gpNCemt @bk PO fwith sctuﬁ&tt aRE&tI ¥ ﬁiep%fe nveﬁtfb% there is

system conprising: a delivery device
derawead a Smﬂ?@r foai|contyolling tbatqoemntlraaupna;d‘er mi:lstzgnce én a patient,

st one of rapid uptake of said
rraa‘?eugl);S Pé\% d clearance of said material; and a

cadelivdry dewca,(mllaped td delihek ammataealtit ﬁldllﬁﬂm@ﬁnhtra&érﬂﬁll?fto result
Sal subst an atjent t at ocgcurs in resp
%alf?‘bs tRut e ¥@F$H@E|F§/%$%'&é pgterigbansbapishelearange Qfog"ﬂd matenal

p@gylde an output that is adaptable for use to contro
the delivery device to control an anobunt of said
nateeniralled eddaptadetd d@tetrhmep@m @mceltaganm of) salldesubstance in the

gﬁﬁ:e% flﬁtéc%ﬂrs In fﬁﬁggns%%g ateréﬁl da %g{eﬁ tﬁF ga 1ent and to

cond aspect © resen Inve
provide an output that is adaptable for use to control the delivery device to

control an amount of said material delivered to the patient based on the
concentration of said substance.

In accordance with a second aspect of the present invention, there is
provided a method for controlling the concentration of a substance in a patient,
the method comprising:
delivering a material to the patient intradermally to result in at lease one of
rapid uptake of said material and rapid. clearance of said material; and
determining the concentration of said substance in the patient that occurs in
response to said material delivered to the patient; and
providing an output that is adaptable for use to control an amount of said
material delivered to the patient based on the concentration of said substance.

In accordance with a third aspect of the present invention, there is
provided a system for adjusting the concentration of a substance in a patient, the

system comprising;



provided a nethod for controlling the concentration of

a substance in a patient, the nethod conpri sing:

delivering a material to the patient intradermally to

result in at | ease one of rapid uptake of said

material and rapid. clearance _qi_ said material; and

determ ning the concentration of said substance in the
patient that occurs in response to said material

delivered to the tient n rovi di ng an_ out at
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adjdédides glucose, such that the controller controls the intradermal delivery of the

short-acting insulin to the patent based on the concentration of glucose in the
patient's tissue in response to the insulin delivery. The delivery device can comprise
a single needle or a multi-needle array, adapted to deliver the material, such as short-
acting insulin, to the patient intradermally. The system may further include a
sensor which is adapted to detect the concentration of the substance, such as the
glucose level, in the patient, and may provide a signal representative of the
concentration to the controller, which in turn analyzes the signal to determine the
concentration of ghicose as discussed above

- [0018] In example the embodiments system and method further
employ a seli-contained power source adapted to power the system,

and an insulin storage device, adapted to store insulin  as



the delivery device to infuse the appropriate anount

of material into the patient. In one application, the

mat eri al includes short-acting insulin and the

substance includes glucose, such that the controller
controls the intradermal delivery of the short-acting
insulin to the patent based on fhe concentration of

glucose in the patient's tissué in response to the

insulin delivery. The delivery device can conprise a
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of a substance, such as blood glucose, in a patient. The system and method employ a
controller which is adapted to use a target profile of the concentration of the substance
in the patient, and a delivery device, adapted to deliver a material, such as insulin, to
the patient intradermally under the control of the controller to adjust the concentration
of the substance to the target concentration substantially in accordance with the target

profile,



controller can further allow for estimations of
concentrations of a substance, for exanple, glucose,
in areas of the body not explicitly neasured, for
exanpl e, arterial glucose based on an interstitial
fluid glucose neasurenent (such practice is known in
the art as "state estimation")._Furthernore, the
control ler can utilize either the neasurenment of the
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dr oy i:ch: Ehqure.1 is.a_block,.diagra .
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pr invention; _[0023] Figure 2 is a block diagram
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f e@fdRaGk FeRmd 501 according to an enbodi ment of the
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of[0028]deligvee 7 divdvdesignarhis gepresedting sample response curves attained by
models that are able to replicate swine insulin response profiles using subcutaneous

(S8C) and intradermal (ID) insulin delivery methods;

BT ER

[0029]  Figure 8 include graphs which illustrate an example of control of diabetic

patient model during and after a meal as performed by the control system shown in

Figure 6; _

[0030] Figure 9 includes graphs which illustrate an example of control of a
- diabetic patient modél for 3 days as performed by the control system shown in Figure

6;

[0031] Figure 10 includes graphs which illustrate an example of control of a

diabetic patient model for 3 days as performed by the control system shown in Figure

6; -

[0032] Figure 11 includes graphs which illustrate an example of control of a



[0027] Figure 6 is a block diagramof an exanple of an

insulin delivery system enploying nodel - based

control, for exanple, a nodel predictive controller

(MPC), according to an enbodi nent of the present

i nvention; [0028] Figure 7 includes graphs

representing sanpl e response cu§ves attai ned by

nodel s that are able to replicate swine insulin

response profiles using subcutaneous (SC) and
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i ns Ijn;]£0034 Figure 13 is a tab
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gl ucose concentration and insulin infusion rate

versus tinme as delivered by an insulin delivery system

as shown in Figure 6, in which a flat target has been

set; and [0036] Figure 15 is another graph

|IIustrat|ng an exanpl e of glucose concentration and

i nsuli VHON @F THEPREFERR FREMBODIVIENTS
I Fi 6,
mﬁé@#fj gﬁlag rr%/ %cégﬁfgzn@%gﬁg&qggy%ﬂt r(])f tl{e%g\r/eentlon 1s! srl]nown in Figures

1-5. As shown in Figure 1, the system 100 can be configured generally as a drug

delivery system comprising a controller 102, a drug delivery system 104 and an
analyte sensor system 106. As indicated, the controller 102 provides control signals
to control the drug delivery system 104 to deliver an appropriate amount of drugtoa
patient 108. The analyte sensor system 106 senses the level of the analyte of interest
in the patient 108, and provides a sensor signal to the controller 102. Also input to the
controller is a reference or set point signal which indicates the target level of the
analyte. The controller 102 then can adjust the control signal accordingly to adjust
the amount of drug that the drug delivery system 104 delivers to the patient 108 based
on that sensor signal and the reference signal.

[0038] Asshownin Figure 2, the system 100 can be configured within a portable,
wearable closed-loop insulin delivery system 200, commonly referred to as an
artificial pancreas. Similar to system 100, system 200 includes a controller 202, an

insulin delivery system 204 and a glucose sensor system 206. As discussed in more



DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
[0037] A system according to an enbodi ment of the
invention is shown in Figures 1-5. As shown in Figure
1, the system 100 can be configured generally as a
drug delivery systemconprising a controller 102, a
drug delivery system 104 and an0-anal yte sensor system
106. As indicated, the controller 102 provides contro
signals to control the drug delivery system 104 to
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20diamEtee andsarl inoludd pynamﬁdal ﬁemhgnﬂaﬁ Bétag@ﬁhl | &dgddmdother suitable
needl e arra 210 as shown_ in Figures 3-

SpEorstacy! | shapgsh Exawgles ame&y doviges gest d@@ls)sqi in U.S. Patent No.
PLasmste @ oerl eeallds, Fael Y1 TR B 48la in wo

| ength sufficient to de |ver Insul i to

2097/ 48ﬂ4|0aﬂhe rentitel gpnfen ofdeth ythyde docoimenis Mﬁigﬂnccﬁp‘&ﬁted herein by
ngt h W|th|n the range of at or

nee ave a |
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di efRbFRy
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Stif Ulié Wit pillaveCogivdd NG theRd isi At aiaBilitNeR 15y hisBkd BAlkness and
depth of the dermal compartment based on individual biological variability associated
with age, race, body site, certain disease states, and other factors. In the examples
described herein, the ranges of devices used for accessing this and similar tissue
spaces can be from at or about 0.3mm to 3mm in total depth, and more preferably
<2.5 mm, with the most preferable depth for ID Delivery being <1.7 mm.
[0040] Also, the delivery system 204 can include a single needle of this type,
which may be preferable in some applications. In either configuration, ID delivery of
short-acting insulin analogs produces rapid onset and higher bioavailability. That is,

ID delivery performed according to the embodiments of the present invention



structures enconpassed by the term m croneedl es woul d
therefore be of conparable dianmeter and can include
pyram dal , rectangul ar, octagonal, wedge, and ot her
suitable geonetrical shapes. Exanples of these
devices are disclosed in U S. Patent No. 5,879,326 to
Godshall et al., U S. Patent Nagp.5, 250,023 to Lee et
al., and in WO 97/48440, the entire contents of each
of these docunents being incorporated herein by
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ef fect versus_conventional subcutaneous ther
[ 66RMqllen 208, Theecopirolesr2020then ian adjusl the cadi2olcsgnabaccordingly to
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gl ucose concentration in the’p
ameshefetie meedles 212. Effective integration of sensing and delivery functions in a

single device requires sufficient spatial separation such that insulin administration
does not affect the local glucose concentration rendering this measurement unsuitable
for estimating systemic glucose concentration.

[0042] Such a system 200 could thus embody a control algorithm in a relatively
simple, easy to use device, which does not impede normal activities of the user. This
control system 200 can be initially parameterized by having the patient undergo an
overnight (at most) insulin response test. The insulin delivery system 204 can include

an intradermal delivery system capable of storing and delivering sufficient insulin for



the position and orientation of each sensing needl e

Wth respect to the positions and orientations of the
del i very needl es should be such that the delivery of

the drug, for exanple, insulin, does not interfere

with the sensing needle's or needles' ability to

accurately sense the concentratjgen of anal yte | evel,

for exanple, blood glucose, in the patient 208. The

gl ucose sensor system 206 senses the |evel of the
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result in rapid onsets are employed in the system 200. The basic control principle at

work is that the sampling rate of the controller 202 and the therapy onset/decay rates
arc rapid compared to the overall system (patient and sensor) dynamics. A second
relevant model predictive contro! (MPC) principle is that the model embedded in the
controller 202 should contain adequate information about the patient’s response to
control inputs (e.g., therapy), and thus a therapy with rapid onset of activity will allow

more complete information to be contained within the model.



system 210, and delivery system 204, and conmuni cati on
to the patient 208 can occur via the controller 202
(e.g., an indicator such as a display on the system
200), or via an off-line base station or personal
computer (PC). The system 200 can al so be configured
to communicate with a health caj£. provi der and/or

non-| ocal system manager, eithér via a tel ephone
(modem or wireless) or the Internet, for exanple.
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[0048] As further discussed above, the control system 200 uses ID delivery of
insulin, in particular, a short-acting insulin analog, in a physiologically-based MPC
application. As will be demonstrated below, simulations suggest that short acting
insulin, when delivered via the ID route, allows for much better control of a diabetic
patient than subcutaneous SC application of regular or short-acting insulin or ID
application of regular insulin. Model based control using short-acting insulin analogs

also allows for more frequent updating of the controller 202 and thus more frequent



signal output fromthe sensor system 206 and the

reference signal are also provided to the controller

to allow cal culation of the control conmand as

di scussed above with regard to Figure 1. [0046] As

can be appreciated by one skilled in the art, a

nodel - based or nodel predictiyg_controller (MPQ)

contains a mathenmatical representation of the
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nidneinforagutiontcan fhen be used to simulate SC or ID inputs into a model which is

most suitable for receiving arterial insulin mputs. Sample response curves are shown
in Figure 7. As indicated, the models are able to replicate swine insulin response

profiles. For the two different delivery methods, SC and ID, two different model
constructions are preferred, and the time constants (T) involved in each model are

different. It is noted that in this example, one small hollow needle having an outlet
with an exposed height between at or about 0 mm and at or about 1 mm is used. The

outlet is inserted into the skin to a depth of between at or about 0.3 mm and at or



application of insulin, nore accurate nodel
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activity is short relative to the nenory size and
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delivery and 60 minutes for subcutaneous delivery, the pharmacokinetic profile is

enhanced for intradermal versus subcutaneous delivery. Similar comparisons will be
evident for Cpe and Ty, to one skilled in the art. By further example, Figure 7 shows
pharmacokinetic profiles of a fast acting insulin (Eli Lilly Lispro) delivered by
subcutaneous and intradermal methods in swine. Intradermal insulin delivery results
in more rapid insulin uptake than subcutaneous delivery represented by reduced Ty,

and Ty, as well as increased C,,, Therefore, intradermal delivery improves insulin



outlet is inserted into the skin to a depth of between
at or about 0.3 nmand at or -15- about 2 nm such that
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at or about 0.3 nun and at or about 2 mm [0050] As
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Fi gure shows
mtradermal (ID) needle, can require that the delivery system build up sufficient initial

pressure. This pressure is required to overcome the resistant forces within the tissue.
Only once this pressure has been developed within the delivered fluid will fluid
penctrate the tissue space. If sufficient pressure is present, fluid will continue to flow.
Overcoming this backpressure in high flow rate situations, such as bolus delivery of
insulin, is accomplished readily by many commercially available delivery systems.
However, overcoming this pressure in low and variable flow rate situations has not

previously been addressed.
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pump, available from Instech Solomon, designed to deliver 0.4ul pulses at about 20
psi. and flow rates from 0.01 to 15 ml/hr, or 10 to 15000ul/hr, or 0.2 to 250 uL/min.

[0056] However, generation of the short duration high flow rate pulses will by
necessity result in some cases in small total fluid volumes (e.g. 1 microliter). If the
delivery system is able to absorb the small delivery volume by virtue of elasticity or
compliance, then the high pressure wave generated during the pulse will not impact
the tissue, and no delivery will take place. Air bubbles in the system are a source of

compliance, so a system which eliminates air pocket formation will have an

advantage in delivering small fluid volumes. A simple means of obtaining such a



Only once this pressure has been devel oped within the
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[0060] Figure 8 includes graphs which illustrate an example of control of diabetic
patient model during and after a meal. The patient model is forced with a 50 g meal,
starting at 58 minutes. The controller 202 (see Figure 2) commands either
subcutaneous (SC) or intradermal (ID) delivery of Lispro to the patient 208, The
sensor has an internal delay of 1 minute and a first order time constant of 1 minute. In
this example the controller has a sampling interval of 5 minutes, error weighting is 3,

output move weighting is 1, the number of model coefficients is 40, the move horizon
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dYyowies)") Figndah Nhehled g53hE WIRIOiIhstrate an example of control of a
diabetic patient model for 3 meals. The patient model is forced with 50, 75, and 50g
meals. The controller 202 commands either subcutaneous (SC) or intradermal (ID)
delivery of Lispro to the patient 208. In both cases, a 30 minute delay is added to the
sensor output to simulate subcutaneous glucose measurement. The sensor has an
internal first order time constant of 1 minute. In this example, the controller 202 has a
sampling interval of 10 minutes, error weighting is 3, output move weighting is 1, the
number of model coefficients is 40, the move horizon is 2 and the prediction horizon
is 2. The meals are based on the standard meal of Lehman and Deutsch (1992).



[0059] It should also be noted that a cl osed | oop
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( 18lweyse Gaged oh apiigferstitid fluid Bludess rgeaspresnenh{subh practice is known in

il S P xanmn| of control of a diabetic
paﬁ%ea&}-{a%ngglgeﬁl ar{'gn als. The patient nodel is forced

W [0066] 7As cabe Q%Qrecﬁﬁﬂ' from tA8 26648, AL |BAtrddOicle should be fast
commands either subcutaneous (SC) or intradermal (ID)

deFRapgh o provife pifective phiisiolegichlerntab s This dhesspesdanch frequency of

an_i jhute .and .a first. order tinme, .
oGS Akl BB o iR AR bty
20@rehampartargafig@l icogtrolnt eFyel exampld) fHeN WofbinaBibh 06f subcutaneous
wei ghting is 3, output nove weighting is 1, the
nuiSatIrgResad delivay in anadeledicontrol system shows degraded performance
is h qedi £1.1 i j 1 T | s ar
padeoditate Sty SRR 0P B8 EuboliBallf Befired above can
( 18@29ame {hoGkEHLichtiguofsuth sysiahsigel glabRhsabMitdiirol via the use of ID
i stra.tﬁe an. £xg ] e, of control of diabetic patient )
moRV e HvAG 16 the Jgpitations O%é'ébc.“taﬁ‘ﬁ@lsp‘alﬁséfﬁm%é@ nqt gncluded in a
¢ . . . N

conpte) Priciy oo niiRThents HeRiibedipBle eHallk WhE garly Sontol and
i nhighat@erfatmgnic®) del i very of Lispro to the patient

2 bqgt h cases, 30 mnute. delay is added tq the
33?5004"31%%&?% Rirtier fp 2pEreiisd, Famc §<AbgVrthe ¢mbodimenis of the

MGt RAEHn- initiate and provide continuous insulin therapy in a diabetic patient

using a closed loop system, specifically one employing a Model Based Control
(MBC) or more specifically a Model Predictive Control (MPC) algorithm. A MPC
algorithm evaluates, at specific time intervals, current and past glucose levels, as well
as recent insulin delivery history to compute an insulin dose which will bring the
patient to a target glucose level. Computation of that dose takes into account a model
of the patient's pharmacodynamic (PD) response to insulin and the desired future
glucose target. The embodiments of the present invention use the MPC algorithm to
set the future glucose target in such a way that the controller (e.g., controller 202

shown in Figure 6) can be initiated when the patient's blood glucose is arbitrarily far



The sensor has an internal first order tine constant

of 1 mnute. In this exanple the controller has a

sanpling interval of 5 mnutes, error weighting is 3,

out put nove weighting is 1, the nunber of node

coefficients is 40, the nove horizon is 2 and the

predi ction horizon is 2. The m@dl- i s based on the

standard neal of Lehman and Deutsch (1992). [0063]

Figure 11 includes graphs which illustrate an exanple

of afgytirsth M@k targefli t dnfniR@di} r i

The ggtient node gP@m?J?gggéa?gﬁh%ggggg?&gﬁﬁgﬁggﬁhémn”* More

nmepdrsculary, the PG| dlgarithoetsahedamget profiteeto inclodeh peaod svhere the
o to, the

(S r .i.ntrader ma D).. delivery of Lispr

ot cnaBbes” Fi Biyent RS yaligh Yo Hopiedibird YabucsaBie rat of
t Ocliange of GtSi@recOVIB Buriny; th TahsitiSn HORE B R Gestbd! gﬂiﬁgse values
measurenent. The sensor has an internal first order

t | Wecopsiaat G5t therprofilei indudes a parnp), Substwmpteeof ¢harge could vary with
caopt.rol a .. Li.ng,interyal of 10 mi nutes

R R N R NG A TR R JT .
nutstrecovet fionelpéricde of iiteh@ied op&ratith, ok RieMBURARYIMER® excursions.
is 2 and the prediction horizon is 2. The neals are
baSuratss elrhangplithe dargetayaless widhdependod theBKscharacteristics of the
( 2)¢ -20- [0064] Figure 12 include graphs which
ilTustrate that nodels are able to replicate human

r OO68F [Ihefdateforfthe tdrgauhinp. canspthRAR! b @ritteh into the controller
dﬁ%lver three parallel delivery routes are
pr

FrEplaEen s¢ thet the eofiggty ef te rmp4s cemspined in thetcoutroltey formulation.
eXAR! 0 oQRp., thar an at n, be
perf of %:ﬁ% ¥ toﬁgleglygt% s%gmﬂ%ﬁﬁﬁolé u rag&%, the,, value of the target
paontettation afltbopreatdt tivhe, the adsoSheMmfordRE6H aBeE B ViRies of the
ca}n further allow for. estimatjons of concentrations of
a

UEFS tRRERITargRs  fon da atirgy ykiee dime rinferedsovst whish it makes
b QRlydi B nsQURS tiflelid ¥ndRRARIMLE Drt Js%ef' ﬁﬁrl@@lglﬁlb %%géé)%r’j. 3¢ controller

t
gl'lucose based on an interstitia
mas theralen calcelatehthp thartpatici dos& which inintifhe @ diffiGence between
be appreciated from

"E’iate té maéi on"%.%&OOGG'_ As c [1 > o

¢ RS RESIESd AR R PotceRGRagsoH ol dinbe itgREls il ghe macdiction
PheMiéie Afh@pldurRionR¥ging!ca9bs %F)tiﬁl?i&irtﬁln B Sne g{ﬁ%nt PD data as
speed_and frequency of T“physi ol ogi cal m,gasureme s an

t Reoutdibe sedyto weterming ithekmodad megupdafticle the cohtyailen isignglt.

akr8nkeROr t.for control. . For exanple, the )
Clgrglb%t : 'g'f;i:g Oafdv ut%gceat g 1&%15 Y usmgng rampeé1 target according to an
embodiment of the present invention can be appreciated by comparing the ramped

target technique to other techniques. An alternate mode of operation would be to set a
new flat target value at each computation interval. This would be the only option if,
for example, a proportional integral derivative (PID) controller were being used which
is not designed to consider future target values. In MPC, the current insulin dose is
computed taking into account the predicted patient response and probable future
insulin dosing. If the future target value is "flat" at any computation interval, the
computed present and future dosing will be different from what would be computed if
the future target value is ramped. This difference could lead to a slower approach to

the target than could be achieved with the ramped target.



measurenent and delivery in a nodel ed control system

shows degraded performance at noderate sanpling

frequency. However, the enbodi nents descri bed above

can overcone the deficiencies of such systens and

enabl e stable control via the use of ID delivery.

Even if the linmtations of sub@dtaneous neasurenent

are not included in a nodel system the enbodi nents

descri bed above enabl e nore stable control and higher
PE[G®@TORNC AnolteP BitdrnAsveCRbulti Wel B ralRNF RALSE! BE BEmlik@Ble rate of
the above, the enbodinents of the invention can

i ninsylin delivriy mihenicaetrdoatinifiasds A dange idiffarenmedsywéan eurrent blood

di [ [ I.ng-a cl osed | oop syst.e .
BB PRy e R e OB gy 2n MPC or cassi
( Mgtrofier)rorgenamrdiifh efk livsubin MetiebryRicathsids Ve sk reach the
(MPC) -algorithm A MPC algorithmeval uates, at

spdgget iapickhre The raspred) target asplinin smellesdsitiaielvstserate commands.
I nsulin delivery  history to..
corfs fontiel b cuf 5 B8 Tl b HoBntF i b ol ivery to
t carparbitrayg magimansalvee L lat césaroblet afifiionotheimidimi@S®livery rate is
takes into account a no of the patient's

phit tadirbarahiate ampgpat E{aﬁ@@t%ia theglHcpss WrEPt (ieat an even lower
d e;%{ég,ﬁt?eﬁ W fftial %té’sc@ﬁﬁ%ﬂn;/%%ﬁlgl ﬂ@li@ﬂ%%ﬁ%lﬁé}é gra?%aémee ramped

pres I nventi on use gor |

f ubur éingl vaos evemtige: The comwedt choiwryoft dulivettyNmits could provide the
controller, ggfg , _controller 202 ihovvn in Figure 6) .
caft™5e™ hiHat ERPTRREHotARBCh ¥RIpehEs doss)the rnged dargst feghnique, but
ar Riek haf LdpYiciB takeXHvaieyoff t¥19 %ﬁtﬁﬁ‘eﬁ"@ﬁ iz%ﬂ ilities.

m nimzing thé occurrence of hypoglycem a. re

pdOOTL]l addyantaes @ minged itdrpen tedinsquelvan fiatlge be appreciated from

P rfeehs S ogh . EisdrG o @ 1D Seecitiaty: g 4 ahouagnitiation of
Thentt ¥ithfa AXBERARERCES t R U PkORhta ViR %ngHrdoﬁﬁalégfpelﬁénent on a

transition fromcurrent to desired glucose va
cohighetinmig.i Deliverfiavasddsprd &) 100cthumigb aal .0 amp)34Gondtedieh @ controller

rate of chan coul.d vary with tine. arget profile
b SoREORRRROFS il R A taeet atfe e P B3 by i crample. The
i nhitiaPteducded tvaile, wat 246 GQVAN THO RSP IR6Okenerates the highest
interrupted operation, or after extrene gl ucose

exxetpispibledelivapysatey vdicloeause intdiés esse 8 hepagyagatic episades

Wi pe . Gh c i Sthcs,,of the tient.

DRSBTS ARRLCH L B FuSh B B, i

Widiatat gl frovhnoa tcbetralogdpesiinkRt on a diabetic pig. Delivery was Lispro U100
through a triple 1.5 mm 34G needle infusor set. A controller (e.g., controller 206) is

=

initiated with a target value equal to the initial glucose value of 209 mg/dl. The target
is ramped to 160 mg/dl over two hours. The controller generates moderate delivery
‘rates, which result in a smooth approach to the final target.

[0073] An altemative use of the embodiments of the present invention discussed
above is to limit the potential for hypoglycemia after a meal. As glucose levels rise
sharply after a meal, the controller (e.g., controller 206) will respond by increasing
insulin delivery. A "naive" controller will ultimately keep average glucose levels at

the target value, so any hyperglycemia will be followed by a period of hypoglycemia.



formulation so that the entirety of the ranp is
contained in the controller formulation. Thus, the
controller not only has information about the val ue of
the target concentration at the present timnme, but

al so has information about the values of the target
concentrations for the entire-£8ture tine interval
over which it nakes predictions (this time is known
in the art as the "prediction horizon"). The

COWhis@ffclf can bR ErddAgrediced B, tinifh € tHetBaxin@mARRUW ifsulidSRlivery as

which mnimzes the difference béetween the predicted
andiseussesbabaven dtaduetaen ohbypaglydemia carealse beraghicsediby mésetting the

th L cti ' A ranp.duratjon.setting.,can. .

po iRt FAELS bl GRF etnfle P BER s g episode.
beThis eillt @uste ther dntell&MB0eRAGEniBE My dredlid st delivery rates, and
controller, is built. [0069] The advant ages attai ned by

usthsesby avaidoaaating aostycemiadiRegetting f theiatgstiicawhe determined by,

PSRRI oYL PRAER,BS ADRLEELALT o SRR W e

al tiiee rdibwedaol ectofn tpthieafinad nargoi{ "dolgoglRcefia™) dan MRVdetermined by

flat tar%g val ue at each conputation interval. This
Lf;\%p%}:mng}s bPttesnonse to insglin. e Xhigspmme PR information will have

pr I d ' - e [ ) wer e

Do R Replrale B Bl ikl Ko o SR 6 ure

t 04} alAldwugh EnlyPE, fetvhexemplargnémbaotimbnts ofohe présent invention

c uted taking .nto _account the predicted patient )

" el e deter o 1A BP0Y eoscis e itha oSk il readiiv apercciate that
f . i.S.1.f " K Lon: .

| A R RO A PrsSnic inthe RbrnBla¥y CRRDIN R Rithont paterally
b edepufting rfeomt tHermmwvelteathivgsuaind alieantayep of this infentidne Accordingly, all
future t t val ue, i anped. . This .di.fference ¢quld .

| % Wﬁ‘%ﬁ%ﬁef‘mdﬁ%@%ﬂiwﬁomc{qﬁd thins the; segpe ebHingimygntion as
acleiiav@th the FllldWgg ERMREd target. ------- -22 [0070]

Anot her alternative would be to gradually change the

perm ssible rate of insulin delivery when control is
initiated. A large difference between current bl ood

gl ucose values and the target will generally cause a
controller (e.g., an MPC or classic controller) to
generate high rate insulin delivery commands in an

effort to reach the target quickly. The ranped target
results in smaller initial delivery rate comuands.

The controller 206 can al so be instructed or

progranmmed to limt insulin delivery to



an arbitrary maxi nrumvalue. If, at controller
initiation, the maxi numdelivery rate is set to the
basal rate anticipated to nmaintain the glucose target
(or at an even lower rate), then lowinitial rates
will again result. The Iimt could then gradually be
ranped to a final value over -2dpe. The correct choice
of delivery limts could provide the sane or a
simlar approach to target values as does the ranped
t aniedt id @sibipdgste, but  does not explicitly take
advant age of the controller's optimzation abilities.
[0071] Advantages of the ranped target technique can

R TR S T A N A

| Nitel sybte@rcoafpriskgnt rol with a fixed glucose target.
The data are froma control experinent on a diabetic
pi g. DeRidghysyydawice.adapigd ta deliven agurgerial to tie patiest@tradermally to

- I . . 208) i )
"R 0B L Sy S ST i 380 g of s
exarral; ahbe initial glucose value was 246 ng/dl. The

controller Zogxgener tes the highest permssible .

del i ver § cParller, yapter toflptaming thejconeeptratian of said substance in the
hy . . L QLT B - '

" PRRaY BRI Mg LM TR AR pa, and v provic
Then oulptitthar is aflapable farant te ko ¢hid dativeryodevicettb @Bfrdlcan amount

pi liver s Lispro Y10Q through a triple 1.5 nm
Sa8 @ﬂ?‘#%\‘@ﬁﬁ"hé‘éﬁ@ PA“E‘HRWQS’W € cencgntratiospfisgid supstance.
206) is initiated with a target val ue equal to the
initial glucose value of 209 ng/dl. The target is

ranped 2.0 16Thewystn efdaint iyowleoeins. The control | er
gener at es, noder.at e del i ver rates, .which result |n a_ .
smoot h 5 PB%&?#%{ 3s efgpteq .%Pr%#eg s4id QUi dp sad delivery device to

al higsaddang coiifol the ddiReR/RQstieNENt S Of the present
i nvention discussed above is to limt the potential

for hypoglycem a after a neal. As glucose |levels rise
sharply, aft a meal he controller (e.g., controller

206) wi 1 rg'@beoﬁ%’at%‘?ﬁci%%gaqﬁ&m-i nsulin delivery. A

" nai ve"sa@dnédmdbller pblides!| SdidRb@ipht KRCOnAHRLASE relating to the
gl ucose levels at the tarcget val ue, so any

hygaeeitiptienihsaig pubstaace whichuetsagablafqase tomarual adjustment of said

oy R o it A e SR o Pl MG

di scussed above. Reduction of hypoglycem a can al so be

achi eved by resetting the target value to at or near
to the Yl ucok® Welgw of ckimne WhgtHin:ng a hyper gl ycenic

€pi S0U&qid material includes insulin and said substance includes glucose.

5. The system of claim 4, wherein:

said insulin includes short-acting insulin.

6. The system of claim 1, wherein:

said material and said substance are the same.



This will cause the controller 206 to significantly
reduce insulin delivery rates, and thereby avoid
creating hypogl ycenmi a. Resetting of the target can be
determ ned by, for exanple, analysis of recent

gl ucose concentration data. The new target and the
time allowed to return to the -f25ral target
("nornnglycenia") can be determ ned by analysis of
the patient's PD response to insulin. This same PD

I nformatd on Wilelg ﬁaﬁ%fcgﬁﬁq Usedif-0 generate the

ori gi nal |nternar in the controller 206. [0074]
Al t houglsaidrde}iveryf wacsmmmapy a smgtrelmaudlet grayf ort hignulti-needle array,

I

appreciate that many nodifications are p035| ble in
t he exerrpl ar )éhgrrbodl ments without materially
departi i¥g syem ot elaim d afimthayeommisingdvant ages  of

are’ing é%%aé R0 deRE Yoid Brcen il RS BRhE T the patient

| Nuedtth GRovide adsifhdlciddichtivd) ek @f! 10 WaliD c&itﬁill%ﬁ wm%H is adapted to
What is claimed 1s: 1. A systemfor controlllng t he

coredmee wid Ygnadto determine teconcentratiomed saist substapge inyke patient.
conprising: a delivery device, adapted to deliver a
material to the patient intradermally to result in at
| east oMe of mapjrsvempfelhﬁnerwﬁabﬁ material and rapid
cl earance of said material; and a controller, adapted
to det eF#if rEnsgRds asABled ttpadatent seid sericantsativnt efewd | sybstance at a
t CL ikl nge d
c\a}g% [b%ldt E?c eng h fﬁféﬁnﬁalﬂ gﬁ?ﬂ& i?oe\l/&agteﬁafon algé%u%ﬁb signal to
thaﬂtnnae axda.bt:ai[deﬂtrﬁtmn o esaido sﬁiﬂtmbelattdilﬁt}ﬂﬁﬂbmioﬁ in the patient

e control an amqu .of said materi al )
\F[hl &% gi%saei@cwn %mhl@h sepgordetected said ropeantigHOB
sald substance. 2. The systemof claim1, wherein:
said controller is adapted to provide said output to
sai d delldver Sihds}mteneofdairmm,tﬁmhmcmaiplnymgont rol the
del i ver% qgw Ce. The s EF{ claim1, wherein:
sai d cofiff P‘i’f&?mﬁ(fm aIE 1OROWSE Sq1dk BBt | on

relating to the

11.  The system of claim 1, further comprising:
an insulin storage device, adapted to store insulin as said material for delivery

to said patient.

12.  The system of claim 1, wherein said system is portable and wearable

by the patient.

13.  The system of claim 1, wherein at least a portion of communications

between said controller and said delivery device includes wireless communications.



concentration of said substance which is readable for

use in manual adjustnment of said delivery device to

i nfuse the appropriate anmount of nmaterial into the

patient. 4. The systemof claim1, wherein: said

material includes insulin and said substance includes

gl ucose. 5. The system of cl afr4, wherein: said

insulin includes short-acting insulin. 6. The system

of claim1, wherein: said material and said substance

are thejpameThe Spstent -of AMmSY, Sk at 4éR1 Mpbrtiod\§f &lnfinunications
said delivery device conprises a single-needle array

or beiwaen tshidn eendradlenr paig, sensatapnde daidodelbiciw alevisai idcludes wireless
na&;riaLcH&)the patient intradermally. 8. The system

of “CHAFM 1 ur t her conprising: a sensor, adapted to

detect said concentration of said substance in the

patient and _to provide a signal indicative thereof to

sai d cohtrol Tt systsnciefi slafiapt evherein said| gondrodlar dis adapted to

Si . ar mne. tration of ;sai .

o Rt SR 1 4581k MR GG el SR ot g botwoen the
whesneroller @i ol lasinaerofithe paRpt £d 4 leallk caetyredist.
concentration of said substance at a |ocation in said
patient, and said controller is adapted to anal yze

sai d sigpal ' [ ngrat i '

tbst ancs o T2 SFRER P SapR ) FRRERCMIS Ry SRbBys a conro
di béul et iriolwnles aghgsiblogidallpbasetl nvdde.h sai d sensor

detected said concentration. 10. The system of claim

1, further conprising: a self-contained power source

adapt edy£ 0 pﬁY@E¥s?éhdqﬁ¥l§£§r‘l‘ whekein |98 SYREAR: HinBbH T control
1, furt’her conprising: an 1ndulin storage device,

adapda that inchitdes e datashakederapirisdimodeht eri al for delivery

to said patient. 12. The systemof claim1l, wherein

said systemis portable and wearable by the patient.

18.  The system of claim 1, wherein:

said material includes insulin and said substance includes glucose; and

said controller employs an algorithm to compare a pre-delivery concentration
of said glucose present prior to said delivery of said insulin to a target or predicted
glucose concentration, to compare a post-delivery concentration of said glucose
present after said delivery of said insulin to a target or predicted glucose
concentration, and to determine an appropriate insulin dose based on these

comparisons.

19.  The system of claim 18, wherein:
said controller employs a control model that includes a physiologically based
model, and said controller adjusts said model based on the comparison of said post-

delivery glucose concentration and said target or predicted glucose concentration.

20.  The system of claim 18, wherein:



13. The systemof claim 1, wherein at |east a portion
of conmuni cations between said controller and said
del i very device includes wrel ess conmunications. -26-
14. The systemof claim8, wherein at |east a portion
of communi cati ons between said controller, said sensor
and sai d delivery device includés wireless

conmuni cations. 15. The systemof claim1, wherein
said controller is adapted to comunicate with a

devi ce giid sbhteoller eﬁipﬁ)yssano@&bI fodéll thyt inBlu8EBYt®Based (empirical)
between the controller and at | east one of the

pampéﬂt anghgpid cratipies adists q@rcmeé@lrb%% onThe carpparisan of said post-

" Ve sl Rhoflont B0 L. et SBLAKSASQRL bl ceqyation.

The system of claim1, wherei n sai d controll er enploys
a cont roI il;gel that .includes a data based enpirical
nodel . T Hf%‘Fm&F:a‘thﬁrim wher ei n: said

mat er i n ai
gl ucos§ d 131&) t%:%éranlr:o ffglregcee?rlplbg,y mgﬁph%% Hetics and
Coﬂwﬂﬁeccﬂiypmwd)aéﬁfaoeoysmdmmmmatl on of said glucose

present prior to said delivery of said insulinto a
target or predicted glucose concentration, to conpare

a post-gel | VR oM ?&%glgf)féﬁl?nsu oﬁﬁbﬂuﬁioﬁﬂ%esub&%fr?éqma patient,

after said delivery of |ntoatar et
prthdlrrmﬂn:uﬂcgimplmeg concentration, and to determ ne an

appropriate .insulin.dose, based an these i.S0

167" ThetdySitahmpatydl ihtes paus Bre aay S Ghalt g P féase one of
rmbmt&ewaalﬁ%atm @hd & clb&%hé{ad&%aﬁi material; and

physi ol'ogi cal |y based no eI, and said controfler

adj ust sdﬂsmnmdm Cbﬁ@edatlml vihsid sulpsdanics dn thed patixint that occurs in

post - Y ti,on and said target
or P8t 4cot &f[‘é’f’%%g‘g& ﬁ}e ? mgg The system of
cl ai m Ifoviahigy @b IEbutpm?fhat S@'aﬂa}ﬁﬁ’cﬂﬁ rf@f 8¢ t& PR SarPamount of said

control nodel that includes a data based (enpirical)
material delivered to the patient based on the concentration of said substance.

23.  The method of claim 22, wherein:
said providing provides said output to a delivery device to automatically
control the delivery device to control said amount of said material delivered to the

patient.

24.  The method of claim 22, wherein:
said providing provides said output as information relating to the
concentration of said substance which is readable for use in manual adjustment of a

delivery device to infuse the appropriate amount of said material into the patient.

25. The method of claim 22, wherein:

said material includes insulin and said substance includes glucose.



nodel , and said controller adjusts said nodel based on

the conpari son of said post- delivery glucose

concentration and said target or predicted glucose

concentration. 21. The systemof claim1, wherein:

said rapid uptake is influenced by a PK/ PD

(phar macoki netics and pharmaed8ynamni cs) effect on

said material. 22. A nethod for controlling the

concentration of a substance in a patient, the method

conpri spalg:  Weé négioddd cRifB5Sihadeid: 0 t he pati ent

intradermally to result in at |ease one of rapid

upt ake #f#id Bahlin instuses shorasaiingapsudinc| ear ance of said

mat eri al; and determ ning the concentration of said

substance in the patient that occurs in response to

sai d nmaeRri aThégkihvdofdlaim 22heh@ein: ent; and provi di ng

an output that |is adaptable for use to control an

anount %ﬁﬂd%teﬂlalmf@ﬁ%lbs%mﬂréﬂ&ﬁw-the pat i ent

based on the concentration of said substance. 23. The

nmet hod of claim 22, wherein: said providing provides

sai d ouzfiut Tie methel of elajm deyvwheein® automatical ly

control the delivery device to contrql said, anount_ of .

sai d matadt S%HV@HBE Stireria¢ludes qneeating delivery deyicemeaprising a single-
¢ i ’ i . T .
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concentration of said substance which is readable for

use in nu adj us t.of a elivery device to
i nfuse the %@B&Péggaé%a%mﬁgﬁmwmi al into
the paliclihe sai: coldentiBbR o Gld SliRlaltein MeHiEh nd  rovid
material | n%lsude%0 Insulin ansg s%%bg su%st ance i nc?rbdg:lsﬂmVl ©a
gl sigred endicati@e titBeof Wlachristised im$aid defermidfng sipetoeinalyze said signal
sai d [nsulin includes short-acting.ipsulin. 27. The
n&f’%&tf e&ﬁed?cmc ralRRé& é’i“ﬂ:sgb%%ﬂcg II?TQJF@.&PQ}& and sai d
substance are the sane. '

30.  The method of claim 29, wherein:

said sensing senses said concentration of said substance at a location in said

patient, and said determining analyzes said signal to estimate said concentration of

said substance at another location in the patient different from said location at which

said sensing detected said concentration.

31.  The method of claim 22, further comprising:
providing power to a system that is adapted to perform said delivering,

determining and providing steps using a self-contained power source.

32.  The method of claim 22, further comprising:

storing insulin as said material for delivery to said patient.

33.  The method of claim 22, wherein:



28. The nethod of claim 22, wherein: said delivering
step includes operating a delivery device conprising a
single- needle or a multi-needle array to deliver said
material to the patient intradermally. 29. The nethod
of claim 22, further conprising: sensing said
concentration of said substancgoin the patient and to
provide a signal indicative thereof which is used in
said determning step to analyze said signal to
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sethat isgpostebls esd saidbledycthapatidnt.on of sai d substance at

a location in said patient, and said determ ning
anal yzes said signal to estimate said concentration of

sal d subpt angg. ALHaABEDRIm bOCAIMALofbrllE: Pat I €Nt

different fromsaid [ocation at whic d sensing
det ect echrsminicatonge sriteteaslyohetwddn dlldelivery hdwhicef tiel apdiforms said

22, further copprising: providing power to a system

¢ rdgtivengsiem il voptisle; tithpertirars duildetermine and providing steps.
determi ning and providing steps using a self-contained

power source. 32. The nethod of claim 22, further

conpri sing: Thstoethodof clgim 22, fagheraiothpeiaingr i al f or

delivery to said patient.. . 33. The nethod, of claim 22, .
wher ei n.omlli@llc@]&ﬁdwagferwgrP"ﬁ&,ee’ﬂé‘t delfyeRY rilpvigsqthat performs said
Pr d¥iveinistep, @RSonabReBAT S [BRkhs RYid Wef¥s) dRoviding st

port ablléyaﬁ% wear abl e _by&tr he Batli er?t. sgﬁl.{ga'lgfwe rnet(ﬁnogdS eps and 2
ofseasaiitihnt performsrsaidesensiogpiepsi ng:  comuni cat i ng

wirel essly between a delivery device that perforns

said delivering step and a controller that perforns

sai d degger MTHeRBethodoRdliv 2, TortldrBRprisiag: 1ne net hod
of claim 22, further conprising: conunicating
Wi r el esommuigaties nwith o@| doyiey ovfside cef tieasystem f thatrgerforms said

o dillverfif RO fafR LR Thral buREg TR e system
peinfl at least ae df thepatierg afd @fhealth care provider.

37.  The method of claim 22, wherein said determining step employs a

control model that includes a physiologically based model.

38.  The method of claim 22, wherein:

said material includes insulin and said substance includes glucose; and

said determining step employs an algorithm to compare a pre-delivery
concentration of said glucose present prior to said delivery of said insulin to a target
or predicted glucose concentration, to compare a post-delivery concentration of said
glucose present after said delivery of said insulin to a target or predicted glucose
concentration, and to determine am appropriate insulin dose based on these

comparisons.

39. The method of claim 38, wherein:



36. The nethod of claim 22, further conprising:

communi cating with a device outside of the systemthat

perfornms said delivering, determ ning and providing

steps to relay informati on between the system and at

| east one of the patient and a_health care provider.

37. The nethod of claim22, whéPein said deternining

step enploys a control nodel that includes a

physi ol ogi cal |y based nodel. 38. The nethod of claim

22, whes#d detesaindngrstte einploys ACbbileismodis Whidt indidks S siologically
[ ncl udes gl ugose; and_ said determ ning ste

subst ance ¢ . p )
errEP%?aén%ﬂ?Laﬂn&éﬂdt spntroleralivsiy widmedel based 9B the comparison of said
CORE&elifdry O h1idosS lctn Gttt S ' |
GoPP\roieli Py ° Hkgss D OpSeeaae BECERY ol b Blified  ghucose
gl vomsetrdomcent rati on, to conpare a post-delivery
concentration of said glucose present after said

delivery of said insulin to a target or predicted
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appropriate insulin dose based on these conparisons.

39. Thesa@tdstsgmifing IstepneB@pysvaesopirnl madel tisaiidcludes a data based

det er m.ni t.e oys control .node hat i ncl udes |

o Tt a6n Ry FE EdteBlee s i Srcatob bt opites comparison of
adkagt SoskabliverP dglicdras Bshcoftritia GRIPREI e T orS Bl

post - d%? i ver yeB%)I%cose concentration and s |ed %a?ge%ot%dr glucose
pr eeficgnteatiogl ucose concentration. 40. The net hod of

claim 38, wherein: said determ ning step enpl oys a

control nodel that includes a data based (enpirical)

nmodel , and sEh¢medtoBklafh 28dikigtis: sai d nodel based on
the conparison of said post-delivery glucose

concent 4 | WRidaritptae ds t Wiflyencedr byr adiP&VBR dpbarmmeckinetics and
COP%SQ i an. 4 t hod. of claim 22, wherein:

sa rgéﬂ%gh%ﬁﬁcakéffﬁ°g91?%¥$h“é' ' gélg by a PK/ PD

(phar macoki netics and pharmacodynam cs) effect on

said material . Lo . )
2 A system for adjusting the concentration of a substance in a patient, the

system comprising:

a controller, adapted to provide information representing a profile of target
concentrations; and

a delivery device, adapted to deliver a material to the patient intradermally
under the control of the controller to adjust the concentration of the substance to the

target concentration substantially in accordance with the profile.

43. A system as claimed in claim 42, wherein:

the substance is blood glucose and the material incIudes insulin,

44. A system as claimed in claim 42, wherein:

the profile includes a plurality of target concentrations over time.

45, A system as claimed in claim 42, wherein:



42. A system for adjusting the concentration of a
substance in a patient, the systemconprising: a
controller, adapted to provide infornmation
representing a profile of target concentrations; and
a delivery device, adapted to deliver a material to
the patient intradermally undéd-the control of the
controller to adjust the concentration of the
substance to the target concentration substantially
i n accotlteprofileis tdprésbatable @k hllie hdving A nd¥ SRV BIGHR.
claimed in claim42, wherein: the substance is bl ood
glucose and the material includes insulin. 44. A

system cl gj ' A m. 42 . rein.. the profile
i ncl udegé'a p%ugg%ﬂ%cg ﬂ%egkléélpdé‘%g,c\g tF4t i ons over
tinme. de delivaysiceire aschalesh ggld-fleodl Borm Ml -nbb@Ie Qidy.

-31- the profile is representable as a |line having a
non-zero slope. 46. A systemas clained in claim42,

wher ei ng7t he Adglipna e Qﬁﬁé{%l% tkg %#ﬂegg'aﬁor? b g}sulésﬁ?rﬁglir? a patient,

or a multi-needle array. or a
t htheanstbehtomprisimg:of a substance in a patient, the

met hod conpr.ising: providing.information representin
a profi P’é’%@ ‘5&%@1“%@% ﬁ%’éﬁ’?@%&%ﬁ %B@%?‘f‘a?ifdar ggbgqng@}t; aﬁgﬂ% and
mat eri ajjellvehPe Hﬁﬁérﬁptt? It ?g@&% rfﬁi:r%&'etnﬁlgﬁ)e "l 8Cthe gonral of the

control of the controller adj us concentration
of canitrellen) bs djuste theocankenttatiog edf thenabstanat toothe target concentration

substant.i.ally in.accor. ce w.th the profile. 48. A
meH??S%néglgfclpéﬁc%aaqcﬁv@ﬁhﬁiﬂﬁpi%lev\her ein: the substance
is blood glucose and the material includes insulin.

49. A nmethod as clained in claim47, wherein: the
profi | e48.ncl Adesthed 3 dainled tiy clofm #3, whdreinoncent r at i ons

over tige. 0. A.nethad as clgined in.claim47,,
wher ei n:ﬁgtS F}%S%ﬁlrcgﬁ tfqgocrglu?oegﬁ pad Iﬁﬁﬁ’éadg"l‘ééqsi“i‘?élhﬂavi ng
a non-zero sl ope.

49. A method as claimed in claim 47, wherein:

the profile includes a plurality of target concentrations over time.

50. A method as claimed in claim 47, wherein:

the profile is representable as a line having a non-zero slope.

51. A method as claimed in claim 47, wherein:

the delivering step includes using a delivery device having a single-needle or a

multi-needle array to deliver the material.



51. A nethod as clained in claim47, wherein: the
delivering step includes using a delivery device
having a single-needle or a nulti-needle array to
deliver the material. ABSTRACT OF THE DI SCLOSURE
[0075] A closed | oop therapy system (200) for
controlling a concentration of33- substance, such as
bl ood gl ucose concentration, in the body of a user.
The system and nethod enploy a sensor system (206)
that nmeasures a gl ABSIRAECYOF THEIMSADTHURE
controller (202) that uses the neasured glucose |evels
t oﬁ!ﬂ%%i at’e closed lqqpyutherapysystem (298) dereepnirolling a concentration of a

a i I i At r,ader mal

PABERLE S HodPONEL L OANSRl, B AQHENRE: e e nd

t i methedrepiplay prsefisor eysttmt @0gpthabheashred 8 @hidse level in the body, a
in a user, and then infuse an

concent.r a&igg n
oI 07k hat Hees dhe mestTech slusess lerls boagnestte mpoutput that can
USee us,i%ﬁ to ad%‘f&ngdtircgﬁf Br ﬂﬂlﬂu %ﬁfo'i‘ ah I]ﬁtr&cﬁﬁﬂﬁt in¥1ﬂinuﬁl§us?gn system

the bl ood gl ucose ‘concentrati on.
(204) to set a constant or time-varying profile of target blood glucose concentrations

in a user, and then infuse an appropriate amount of insulin into the body of the user so

as to reach and maintain the target values of the blood glucose concentration.



