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diabetic patient around a target profile using a control algorithm, for example, a

feedback or model-based controller, coupled with intradermal (ID) delivery of insulin,
which is preferably a short-acting insulin analog delivered via a single-needle or
multi-needle array. The present application claims benefit under 35 U.S.C. § 119(e)
from Provisional Patent Application Serial No. 60/417,559, filed on October 11, 2002,
- and Provisional Patent Application Serial No. 60/432,233, filed on December 11,
2002, the entire contents of both provisional applications being incorporated herein by

reference,

Description 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.



[0003] ID delivery of insulin also avoids

conplications associated with intravenous (IV)

delivery, and therefore, can be effectively enpl oyed

in a feedback controlled insulin delivery system A

f eedback control system operates to adjust a
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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



generated for a patient. The duration of any such test
can be shortened by use of an. -3 insulin delivery
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glucose concentration on cellular glucose 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,
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t hizgmdedent invention relates to a system and nethod
for maintaining continuous, long-termcontrol of a
concentration of a substance in a

SUMMARY OF THE INVENTION
[0014] An object of the present invention relates to 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.

[0015] Another object of the present invention is to provide a system and method
for maintaining contihuous, long-term control of the blood glucose concentrations of a

diabetic patient using a control algorithm, and for determining the time-dependent



patient, and for determ ning the tine-dependent

profile of the desired concentration of said

subst ance, said desired concentration bei ng constant

or varying with tine. 10015] Another object of the

present invention is to provide a system and net hod

for maintaining continuous, |emwg-termcontrol of the

bl ood gl ucose concentrations of a diabetic patient
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acting insulin, to the patient intradermally. The system further includes a sensor

 which is adapted to detect the concentration of the substance, such as the glucose
~ level, in the patient, and provide a signal representative of the concentration to the
controller, which in turn analyzes the signal to determine the concentration of glucose
as discussed above
[0018] The system and method further employ a self-contained power source

adapted to power the system, and an insulin storage device, adapted to store insulin as



acting insulin, to the patient intradermally. The

system further includes a sensor which is adapted to

detect the concentration of the substance, such as the
glucose level, in the patient, and provide a signa
representative of the concentration to the

controller, which in turn analyzes the signal to

deternmi ne the concentration of glucose as discussed

above [0018] The system and nethod further enploy a
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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.



of a substance, such as bl ood glucose, in a patient.

The system and nethod enploy a controller which is

adapted to use a target profile of the concentration

of the substance in the patient, and a delivery

devi ce, adapted to deliver a material, such as

insulin, to the patient intradernmally under the

control of the controller to adjust the concentration

of the substance to the target concentration

substantially i apagg Eﬁ‘ﬁﬁ"‘"i 5% 8 Dld§°fi|e'
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ot [G021b)j elitess and vt abestsanilantaged addadwdl deataks bffiehe invention

i nv ion wl] be nmgre readily appreciated fromthe X

f oPHbYe yreieradily gepracated fiom 1BR folfavng ésfaﬂ?fdescnptmn when read in

OB HARIORY M DL AR ARRATRAMED N AELNOS, [ n whi ch:

[ 002 Fllogurle I |as ab ocgelgll ag%bgm of an exanple of a

dr [A022] i \Rgwresly it erhlodnilagmpim gf faeecklaaple obatdreg delivery system

accordi ng to.an enbodi nenf. of the present .invention, .

[ oBPBiRY PR3k PR BiRGEn o SHIRGREH A PER R vaption

| NFOO28] deti e YisSYBIb8MiaS i 8Y bR SxARFdRAGK RQIMY Rltivery system
f ery sy

according to _an enbodi ment of the present invention; ~
[ oomploymigdaedback taritupd accardisg teranconatmpliraerdfof ghe ressod inmention;

de}d Vi C n ensin evi.ce.enpl oyed in the .
sy@%%ihﬂ‘emfﬁﬁ_ e 5t cpge Pt AR irlin fefizery device and sensing
deg@lidesinflb et MithysyRfent SR waGFiArans ay of the device

shown in Figure 3; [0026] Figure 5 is a detailed ]
pelOQR2] | agwre dvis sidetailed plandiaw af thayeedlc pitay dbthieslgvice shown in
shﬁ%réﬁ Figure 3; [0027] Figure 6 is a bl ock diagram

of exXanpl e of an insulin delivery system enploying
MO[O26p S Fdgeo 5t i5al dethitvd d@ﬁp’é@ﬁﬁa viewnaXik neédidiatral \O€ the device
controller (MPC), according to an enbodi nent of the

pr 8wa inifigERB; on: 10028] Figure 7 includes graphs

re ti I ' : :

o SPE P Sie 3R b RS AR CEb SRablb Uriiiaiiin detivery system

r eapplosmgpnoddlibasedusinngl, fub exdrapie o sodeSpieditide controller (MPC),

intradermal (| insulin delivery nmethods; 10029]

Fi @QEP@?% forfEy dype R€ therpressnt veriiotat e an exanpl e of

co oo di . . : _

O e e P e bR s L s tained by
models that are able to replicate swine insulin response profiles using subcutaneous

|

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

[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 model for 3 days as performed by the control system shown in Figure
6;

[0031] Figure 10 includes graphs which iHustrate 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



Figure 6; [00301 Figure 9 includes graphs which
illustrate an exanple of control of a diabetic
patient nodel for 3 days as performed by the contro
system shown in Figure 6; [00311 Figure 10 includes
graphs which illustrate an exanple of control of a

di abetic patient nodel for 3 d&ys as perforned by the
control systemshown in Figure 6; [0032] Figure 11

i ncl udes graphs which illustrate an exanple of contro
of %@gﬁ { nodel for 3 neals; [0033]
|%%P%R¥?ﬁ I nc 5%%ﬁg?%%'§§mhlch illustrate that nodel s

ar [POR3E tfbgu*replzlmdtuh: gIhplmhrohsnm&a thromodds afeable to replicate
ulin; 0034%§£i%% is atable illustrating

ex'WBWE?S NSE Peked Bﬁﬁulheraples that can be

pegur A PYurb 18 1§¥$§b§?}1ﬁ@9¥ﬁhg &aﬁig@éércﬁ' c(lsosetﬁ @(Q%%eraples that can

4 iS a graph ustrati ng exanpl e
glbﬂ:p@“’é)mmdbgm]ner@stmmm iniFague bn i nfusion rate

ve eliver n insulin delivery system.
st Toateidis o wirh ol & Prmble 6 gUes s Guftion and

Seﬁlsulﬁﬂﬂlﬂl&@&?’%& Eérglkbrtﬁnél s UslivAet Behn HsBRA delivery system as shown
illustrating an exanple of glucose concentration nd

i nig ligereioninuwhich arflat target havbeenisp and del i ver ed by an

| nﬁﬂ#]éé:] dellye I’1 ¥ 15 %@%h%%ngga%e éﬁ“s%lggfll Q.rb%‘%ﬁli” g 5{5 qucose concentration

D@Sﬁﬁn@ﬁi@lf@oﬂ_ lrlte RBEDERRE  EE et an ih§fid delifery system as

system according to an enbodi nent of the invention is
s h¥haivni 1n Figuge peis whiclsa rasepedliangst has bepiyeate 1, the
system 100 can be configured generally as a drug
delivery system conprising a controller 102, a drug
delivery system 104 and an analyte sensor system
106. As indicated, the controller 102 provides contro
signals to control the drug delivery system 104 to
oL Y SDEARE PP TRORUG 18fE SRHORRRED mABCIAMENTS
of [0ORT]an& yitseem axfcoi'dingtoee&t embadimbet qfahe mméntib8s steoweh in Figures

i des sensQr Si to th ontroller 102. AI%
‘Sgt ‘g% Sﬁ‘%‘l 1 6HH o 1 fystep ?Q‘? EFBAE EOBYLEET Ep fY as a drug
S' QIRLry b | DHipFRINGSa hRrdIRr IR, le¥Rk @flivefisystem 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 drug to a
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] Asshown in 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



anal yte. The controller 102 then can adjust the
control signal accordingly to adjust the anount of
drug that the drug delivery system 104 delivers to the
pati ent 108 based on that sensor signal and the
reference signal. [0038] As shown in Figure 2, the
system 100 can be configured wghin a portable,
wear abl e cl osed-1oop insulin delivery system 200,
commnly referred to as an artificial pancreas.
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G, OORB 63, HSERnERTHL AR L 3 n o

G(ﬂﬂg‘lﬁilﬁm it eatire, cohlefits dP@heindf thisse dwcdinentd Baing dndoggoreded herein by

and pn WO 97/48440, the entire contents of each
frefqli‘é%’é yihrRates T%éiOﬁ@)W@aF ﬁ%?rétt@&ﬁﬁ é‘?%ﬂerﬁpﬁiﬁ consisting of the

I &f SBNaSer Hepinh el iRt Rliatds b%ﬁ:gpﬁfe eﬁgﬁﬁ}m{seaﬁlﬂ e teh@in %h@ the base of

ti ssue space conS|st|ng 0 mal |ayer begi fini ng
i nhed¢tmbir3debnisov®m lecregs thas nssmeaieptheistMMpgrdmnaﬂab( 0.05mm -

32%? o ]ta{)]]g’fﬁfrﬂg%?lﬁ l)lafn,af g m%‘é%{;n%g%m X agg' YBne skilled

afAMRX bAsl il ﬂécégn}'ze' that &eﬁﬁs%‘rﬂ"’véﬂh@ﬂﬁ&‘ g i Ssofilté hickness and

surface. One skilled in the art will Tecognize that
t Hiepth ¢ighe dernma) aetpdstrent pased arhisdiaidwil biodogi¢al yRnehilty associated
angd.

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



depth of the dermal conpartnent based on individua

bi ol ogi cal variability associated wth age, race,
body site, certain disease states, and other factors.
In the exanples described herein, the ranges of

devi ces used for accessing this and simlar tissue
spaces can be fromat or aboutipP.3mm to 3mm in total
depth, and nore preferably <2.5 mm wth the nost
preferable depth for ID Delivery being <1.7 mm [0040]
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does not affect the local glucose concentration rendering this measurement unsuitable

for estimating systemic ghucose 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



configured as a housing for a sensor or, in other

wor ds, a sensor capable of sensing an analyte of

i nterest can be connected to, inplanted in or nade

integral with one or nore of the needles 212.

Effective integration of sensing and delivery

functions in a single device-tequires sufficient

spatial separation such that insulin adm nistration

does not affect the Iocal glucose concentration
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sensors, l'ong as It has sufficiént “accuracy,
preel.si on, and an appropriately short response tinme.

S it h | gnger response. | ags e ept ab

o DR rhe bt SR 08 v Efbre P arSe FBG: B iged on the
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control cycle. Sensors with reduced accuracy at hi

h
ol heBRoodhareismagd anasisrsoniedlebeait e Pringples o IRk delivery which
Cor@%dlpjnl r? 1d2 %lgeé gl% engpel?ye(f %ptﬁgls%‘stgm B3 baglc control principle at

con
work is that the sampling rate of the controller 202 and the therapy onset/decay rates

are rapid compared to the overall system (patient and sensor) dynamics. A second
relevant model predictive control (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 202 as appropriate to limt an onset of
hyperglycema in the patient 208 as well. 10044] The

enmbodi nents of the invention discussed above are based

on the concepts and principles of intraderma

insulin delivery, PK/ PD (pharnmacokinetics and

phar macodynanm cs), and nodem gpntrol theory.

Principles of ID delivery which result in rapid

onsets are enployed in the system 200. The basic
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based, neural networks, or a combination of these characteristics.
[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
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r eBlp® idermeationessn deanch vagd do siseulab 54 erel fnppts in a model which is
' r}isicljgt sﬁltgn% r[eé(eiwgg QHQ@Q insulin inputs. 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



and swi ne. The nodeling procedure is based on the arts
of pharnmacodynam cs and pharmacokinetics. An
exanpl e of this nodeling uses an existing
physi ol ogi cal nodel to generate arterial insulin
response curves, which is described in a publication
by J.T. Sorensen entitled "A Physiol ogi c Mdel of

A ucose Metabolismin Man and its Use to Design and
Assess I nproved Insulin Therapies for D abetes", PhD
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standard route of administration such as subcutaneous
adht st eencenration af 00 agrod ¢ ahdraterdfri 01 1 dt pertrnipnte dvier a period of 5

Surﬁll}lu e%.rrp ?'lrni‘tﬁé)rrr}l%i‘e,i itf said substance has T,. of 20 minutes for intradermal
delivery and 60 minutes for subcutaneous delivery, the pharmacokinetic profile is
enhanced for intradermal versus subcutaneous delivery. Similar comparisons will be
evident for C,,, 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 T...

and T, as well as increased C,,. Therefore, intradermal delivery improves insulin



is preferable, although not necessarily essential,
that adm nistration into the intradernmal |ayer and
adm nistration into the reference site such as

subcut aneous adm ni stration involve the same dose
levels, i.e. the sane amount and concentration of
drug as well as the sane carrig- vehicle and the sane
rate of admnistration in terns of amount and vol unme
per unit time. For exanple, admi nistration of a given

' t r
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affect intrinsic biological clearance rate or
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| oop system Such as that shown in Figure 6, It can

neld®8 sdyminute dieinswiar sodutivat @60 Al/mawat i (uldUs h;nydmeieharered to meet
.Simul ati ons suggest

it BR Raftin R0 S it AR 7
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d(celllvséglr]y raetgés}yof zero to 40- 60 stmuthg (m))/ m ng (gglrng gange

t dntzaderigalg 1D} needle, aprt reguire thaa e daliygeystystemaviplyrhyufiigient 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
penetrate 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.



reasonabl e upper Iimt for delivery to prevent
unwant ed hypogl ycem ¢ rebound and still maintain
control (see, e.g., Figures 14 and 15). Wth current
insulin fornmulations (100 U per m fluid) these
delivery rates equate to fromzero to about 0.34
mcroliters/mn or about 20.4.micoliters/hr (about

2U hr). Purely Type 2 diabetic hunans generally
exhibit insulin resistance, or an inability to utiIize
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S%ﬁﬁneﬁﬂaﬁ ta'v§1§alib?e ?ﬁ:ﬁﬁ $hdtLalbelited 16 'a&ﬁe%Esé’\faltés is the Pegasus
generally be |ess than at the needle tip, in part

b e @availeble fremulastgeh Shlpmane diesigngdotondediver 0.4ul pulses at about 20
pst. and flow rates from 0.01 to 15 ml/hr, or 10 to 15000ul/hr, or 0.2 to 250 ul/min.
[0056] However, gencration 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 délivering small fluid volumes. A simple means of obtaining such a



been conpressed by the act of needle insertion. Less
pressure is therefore required to pronote fluid
notion into the tissue space. [0055] A continuous flow
rate can be equivalently produced by providing short
bursts of high flow rate of the proper duration and
spaci ng such as to generate thgg-correct fluid volune
delivery in a given tinme interval. Use of high flow
rates alloms generation of higher pressures within
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to use a single needle rather than a nulti-needle

ararhgf thetapeudtics can anticipate other drug therapies which could utilize continuous
low rate delivery.
[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 confroller 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



needl e arrays are advantageous for delivering |arge
fluid volunmes because the arrangenent distributes
that volume over a larger area of the skin. A single
needl e may be advantageous for |ow vol une/ | ow
rate/variable rate deliveries because all of the
systempressure is directed toj@a- single opening.

[0058] In a control |oop environment, there nay al so
be cases where noderate flow rates (10s of
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or Héiadermab (Hyndslixpty of Lisprei tauhe patient 208 s Iekaibptases, [§e30 minute
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-19 is 2 nd the prediction horjzon is 2. The neal is
baSHrodRT b SERANGS inteRal OhP TIDBIFRRFTTYCigRtRS i3, output move
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e an exanp of contro tic
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w £.h 5Q, and 50g neals. The controller 202

co]lt'?'ﬁ’ét g’s(lé?%)her subcut aneous (SC) or intradermal (1D)

dejooes)y Higist Slﬁr ﬁlchﬂeﬁ @apﬂ%@tvlrlﬁaﬁ iR@%ratel BE REMPRF o BShtrol of a

an |nternal del ay of m nut e and
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).



a first order tine constant of 1 mnute. In this
exanple, the controller 202 has a sanpling interva
of 10 m nutes, error weighting is 3, output nove
wei ghting is 1, the nunber of nodel coefficients is
40, the nove horizon is 2 and the prediction horizon
is 2. The neals are based on tpg-standard neal of
Lehman and Deutsch (1992). [0062] Figure 10 incl ude
graphs which illustrate an exanple of control of
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6, in particular. Also, all of the systens
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



descri bed above 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")21]0066] As can be
appreci ated fromthe above, the control cycle should
be f ast enough to provide effective physiologica
. u
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t he above t he enbodi nents of the invention can
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can be initiated wh epatl nt's blood glucose is
arpuld be bed tﬁaiﬁteammeahvalymﬂdcmmuﬂuievhlah tfeet conbrplle is built,
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F e e e o TARA o ramped
THargetheehnique 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.



change of the target value during the transition from
current to desired glucose values 1is constant (i.e
the profile includes a ranp), but the rate of change
could vary with tinme. Atarget profile with
time-varying target values can be used to initiate
control, to recover from perizids of interrupted
operation, or after extrene glucose excursions. The
rates of change of the target values will depend on
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flat target val ue_at eac ut ation interval. This
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alternative would gr adual | y change the
péhwpglg, piriplerial gm@;f:MG 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

1s 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 alternative 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.



insulin delivery when control is initiated. A large

di fference between current bl ood glucose 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 tarzpet results in smaller
initial delivery rate conmands. The controller 206
can al so be instructed or programred to limt insulin
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nm 34G needl e. A controller controller 206) is
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hyp oglycen1c epi sode. [0072] . Fiqure 15 shows

i rue é‘iqdé)ﬁf?a@fmsc@‘iﬁ’tlfl@ﬂd%ﬂ tor]beamc & Vit Hissope pf diis invention as
T ntrol experinment on a diabetic
h&ﬁn @frft\l}g?@l&;vgggf@gg?o UL0O0 through a triple 1.5 mm
34G needl e i nfusor set. A controller (e.g., controller
206) is initiated with a target val ue equal to the -
initial glucose value of 209 ng/dl. The target is
ranped to 160 ng/dl over two hours. The controller
generates noderate delivery rates, which result in a
snoot h approach to the final target. [0073] An
alternative use of the enbodi nents of the present
i nvention discussed above is tolimt the potentia
for hypoglycem a after a neal. As glucose |levels rise
sharply after a neal, the controller (e.g., controller
206) will respond by increasing insulin delivery. A

"naive", controller will ultimately keep average
gl ucose levels at the target value, so any
hypergl ycernia will be foll owed by a period of

hypogl ycem a.



-23 This effect can be greatly reduced by Iimting the
maxi mum rate of insulin delivery as discussed above.
Reducti on of hypoglycem a can al so be achi-eved by
resetting the target value to at or near to the
gl ucose | evel reached during a hyperglycem c epi sode.
This will cause the controll efr2£06 to significantly
reduce insulin delivery rates, and thereby avoid
creating hypoglycem a. Resetting of the target can be
deVﬂﬁFhQﬁﬂmQ&u; for exanple, analysis of recent

| ucose concentration data. The new target and the
tlne allowed to return to the final target

("nornD chenla n be tern1ned b ysi s of . .
Cho_par Pent - & PEeRODR SRS TR oPreRtng of e Sestsse in a patent,
|nﬁ@%g§&hggm$hbh have been used to generate the

ori gi hal |nternaF nodel in the controller 206. [0074]
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t he exenplary enbodi ments wi thout materially
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VWhat is clained is: ystem for_ controlling the

c oplcsid materigdegyergd émﬁ@tpah@ﬁ basedpnghe penpentratigneofsgigisapstance.

conprising: a delivery device, adapted to deliver a
material to the patient intradermally to result in at
| east ohe of Thepistbmipf cdiien nfwlﬁaélﬂ material and rapid

cl ear ance, of d ter ontroll er
to detetdd ﬁ%“t[‘mé?r do e 4 i eI Said e Bgtsaﬁ]cﬁq}‘ﬁry Jovice to
th&uto&@ﬁdgﬁ?%oﬁtﬁ&ltthé’ﬁélfueﬁr& é,esponse to said materi al

deli vere e patlient to provide an output
that is adaptable for use to control the delivery
of .said materi al

device to co tro
del i ver®d to %%“EQ}?@ﬂ%Hb JOF'IR the concentration of

sai d sulst abifrolldr ProQidRyY SkaM ohitpat akdn thiorM¥@bR1 Relating to the
said controller is adapted to provide said output to
s atafceratipn oy saié vikstance which is readable for use in manual adjustment of said

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

4, The system of claim 1, wherein:

said 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.



automatically control the delivery device. 3. The

systemof claiml1l, wherein: said controller provides

said output as information relating to the

concentration of said substance which is readable for

use in manual adjustnent of said delivery device to

i nfuse the appropriate anount-gf- material into the

patient. 4. The systemof claim1, wherein: said

material includes insulin and said substance includes

gl ucose, 5. l.al.m.4, wherein: said
insulin71ncIﬁgigﬁéﬁégﬁﬁgg}ﬁﬁ§k¥%%UIin. 6. The system

of cl ai sid deley device Sainfristacdihglé-naddle aahyl of dhshléneedle array,
are_the sanme. -25 7. The systemof claim1, wherein:
safdppirs) tp dekiver gaigingateriad i the patiens indradgimgaliYeed| e arr ay

or a nulti-needle array, adapted to deliver said

material to the patient intradermally. 8. The system

of claidnl, Thesystem chehum kifheraomerising;, adapted to

detect said co ceq%ra i on of said substanc iﬂ%the. .
pat i ent 2 SRE%AGRIEGIN Bfed] saidpenrentiatipr af SE sEbiangsin thy patient
Sajygh ﬁp?lfcfv@dé ﬁrsigﬂ’z\ﬂ”iﬁchcdtﬁfqu@rﬁgpg) 58d &‘ﬁﬁjoﬂérg v is adapted to

signal to deternine the concentration of sa

subslweceidisigrizhte deédringmet the oncEhteationsif emd shibstirsie mn Bie patient.
wherein: said sensor is adapted to detect said
concentration of said substance at a location in said

pati entg andTaaéyienpst difikd & wieseidapt ed to anal yze
said signal to ‘estimate said concentration of said

subst antad sensends lRdapted datdetsst isaidtdpacerdrationtof said substance at a

di f f fr. id | i wWhi ' 1
aetoBRIohh, 1 RAREE arfoid A00 e T e oy PR g st to

1, edtistiatd) @BidC OFARERSBAM: of s&il fubsanéaian @dother@bcationri@ethe patient
adapted to power said system_ 11. The system of cl aim
1, diffgranh Epmessifbloratiangt \%lwhi s fenypr setseigd said cpnesatration.
adapted to store insulin as said material for delivery
to said patient.

10.  The system of claim 1, further comprising:

a self-contained power source adapted to power said system.

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.



12. The systemof claim1l, wherein said systemis
portable and wearable by the patient. 13. The system
of claim1l, wherein at |east a portion of
conmuni cati ons between said controller and said
delivery device includes wireless comuni cations. -26
14. The systemof claim@8, wheygin at | east a portion
of communi cations between said controller, said
sensor and said delivery device includes wrel ess

Cai d cobr of T8t PR BRI heRin it Rp poiofistgbmmunications

deldr@eerP Whigi Bentflllct, N&id Yeh®M 4@ EQH adeliveiyo dewtE Gficludes wireless
between the controller and at | east one of the

pafdrERBGHIPIS: heal th care provider. 16. The system of
claim1l, wherein said controller enploys a contro
nodel that includes a physiologically based nodel. 17.
The sysi®m oThel gktwml, ofWolaiei h, sdiegkin osdid otdréollenmd cadapted to
a control nodel that includes a data based enpir.ical
rotfepmunigate THigh 3 levichmaptsidy of P,B’St\ﬁﬁe?oe‘iefﬂy igggripation between the
MBL Rofibr Anragit S s O;ﬁtl@ﬂtdanﬂaa: HEafit! Qéﬁeiﬁ&&d&rﬂ cl udes

an go

gl ucose; sard contr er enpl oys an rrthmto
conpare a pre-delivery concentration of said glucose

present_prior, to said delivery of said insulin to a
target Wt prila‘? Sy gem ?ﬁj Blasa ol et 124 icBRTOlE Py @ control
a ﬂg@éngﬁliﬁé{@ﬁ{qg a@gﬁg%tg{@hyg_ggegfl?&ﬂ_d gl ucose present

after said delivery of 'said insulin to a target or
predi cted glucose concentration, and to determ ne an

approprjate insulin do based .on thes compari sqns.
16, Thel Gyst LY Syetepadflean unebph. Sad gl ol a control
ermbay $ha inddidek Qldatisiéd thpiichinRbdegles a

physi ol ogi cally based nodel, and said controller
adj usts said nodel based on the conparison of said

oSt el i ALUAOSERRIEPhgal) o0 a0 sard Lergel
cl ai m 1€id miarkial Mcludes/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:



said controller enploys a control nodel that includes
a data based (enpirical) nodel, and said controller
adj usts said nodel based on the conparison of said
post- delivery glucose concentration and said target
or predicted glucose concentration. 21. The system of
claiml1l, wherein: said rapid uptake is influenced by a
PK/ PD (pharmacoki neti cs and pharmacodynam cs) effect
on said material. 22. A nethod for controlling t he

concent L.y cl:(%grol?lf er Cir ﬁf&gg‘ ta%nﬁ ollnqo rﬁc@ﬁdes a ?at PELY Pe%pmcal)

conpri sing: atien

I ninbdel esimbsdid chralRs dlijusts @aﬂtmb(ﬁiﬁs@hﬁh tl:fe cohffaticbn of said post-
upt ake of said material and rapid clearance of said

med BVFE 2lugnse CorqcBIAOR MY spiddaigsttgnedigier ghicase coRpentration.
substance in the patient that occurs in response to

said material delivered to the patient; and providing

an out pit. t heke systeadeipilaibl B Wieteinse to control an

amount of . sai materi.al . eIiv r d to p ent
based o4 HRDKh HpLRIEr dt | iuEtced Y @uﬁi[{}gl?cipﬂ%mﬂ%m and

neiedaQfdyRdics) é}"?ect WELighdteriai d provi ding provides
sald outplt to a delivery device to automatically

control the delivery device to control said amount of

rethod B o Ariiaod Kiienteline Ty Ghseitiian g 29 B9mpgan a pationt

S athel nddWondtisingt or mation relating to the
concentration of said substance which is readabl e for

use i n drliveang adhafetisentthe patient delradeanglixito reslt i at lease one of

bRl R P BL R RN L SRS B R Rl €.

mat er i adetérifthing@Be cosehirticanel Sid @‘uﬁdtﬁiﬁ& 3N ¢ee hadnt! €8RS occurs in
gl ucose. -28 26. The nethod of claim25, wherein:

sdieepanpa o sail materiakedivercd te thegnafinf; pikul in. 27. The
met hod nﬁéwgrrg %%agpu% 4k %daptﬁlﬁle P Lt RbnPdfidars &hbunt of said

substa
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.



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 substancgin the patient and to
provide a signal indicative thereof which is used in
said determning step to analyze said signal to
determ t concent rati on. of | d substance in the
pat i ent%SO%rget?rlg?ﬁgga%? E%I‘”é]?er%néﬁg, wherei n: said
sensi ngsafbisel Bdludecdoaantiig@inselin.of sai d substance at
a location in said patient, and said determ ning

anal yzes said signal to estimate said concentration of
said s ta |.on.in the patient

di ffergir?? f?gl?ne@gﬁhgaﬁgggﬁ %?f%giér%ﬁi ch said sensing
det ect edidmatdrialandenidrsabstaite aBdthe Ehenet hod of cl aim
22, further conprising: providing power to a system
that is adapted to perform said delivering,

det er m 4§ ng AR, L] ing a self-contained
power sioHlJr ce. 32%$ﬁgﬁﬁgﬂ%%%§?er%ilﬁéi m 22, further
conpr i sianfydelivetiog isteg indisddsiopemsing ai dblivetyedevede dooprising a single-
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providing steps are perfornmed by a system that is

portabl e and wearabl e by the patient. 34. The nethod

of cl ai2f.22, Thamethed ofdapr 23 ifnghercomprisingat i ng

wirel essly. between a delivery..deyice that per.forns .

caid  qePTo8 Pt ReSefin oF HdniPsthes i fstbabeht B provide a

s adighafl @idedaive titPeVehifH RMised BPsa3d Brmiding stéPto®iRod said signal

of claim 22, further conprising: conmunicating

wi to@etesming thecanserirationoif s3ig sybsiange i thetpatiemer f or s

said delivering step, a controller that perforns said

determ ning and providing steps and a sensor that

per f or n&). sai Thesethbd gf slb@p29,3cherdihe nmet hod of cl aim

22, further conprising: . . L. .

satd 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:



communi cating with a device outside of the systemthat
perforns 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 claim 22, wherein said determ ning

step enploys a control nodel_jhat includes a
physi ol ogi cal |y based nodel. 38. The nmethod of claim

22, wherein: said material includes insulin and said

subst ance,incl udes .gql ucose; and said determ ni S

o oy A SHYBIE: ARt Re A B e e My drgommed B a system
C ofaeRtposthble An@ivedAbR WY tHEpREnPr €sent prior to said
delivery of said insulin to a target or predicted

gl ucose concentration, to conpare a post-delivery
concentgatio f sai.d l UgQs resent. after said
deliverééof 2%€3w|Hgﬁf?%“?%ga&TﬁgﬁgP“%Fmﬁ%edicted

gl ucosecompnfRMinA wiftlesslgnNBetveeslef QIclV&® advice that performs said
appropriate insulin dose based on these _conparisons.
39delivsengsiengad acontrolieniaperirarssnid: detesmingag and providing steps.
determining step enploys a control nodel that includes

a physiologically based nodel, and said controller

adj ust s3%ai dThedetholas edimn 2] faetherosopgsrisipn of said

post -del i very, gl ucose concentration and said target or i
pr edi ct SUGRLcHNE vesigselit belieqm, & AlsiIvery odeyeen el opertorms  said

e d . i _
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nostabkor thatgestaitds sxdd sansingstepadj ust s sai d nodel based on

t he conparison of said post-delivery glucose
concentration and said target or predicted glucose

concent §&t i OMhe Mhbthod BE clABA RO dfuRheCdoRifAshd: Wherein:
said rapid uptake is influenced
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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 an appropriate insulin dose based on these

comparisons.

39.  The method of claim 38, wherein:



a controller, adapted to provide information
representing a profile of target concentrations; and
a delivery device, adapted to deliver a nmaterial to
the patient intradermally wunder the control of the
controller to adjust the concentration of the
substance to the target concedtt+ation substantially
in accordance with the profile. 43. A system as
claimed in claim42, wherein: the substance is bl ood
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wherein: the delivery device includes a single-needle
or a multi-needle array 47. A nethod for adjusting
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is blood glucose and the material includes insulin.
49. A nmethod as clainmed in claim47, wherein: the
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nme
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42. 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 includes 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:
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the profile is representable as a line having a non-zero slope.

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

the delivery device includes a single-needle or a multi-needle array.

47. A method for adjusting the concentration of a substance in a patient,
the method comprising:

providing information representing a profile of target concentrations; and

delivering 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.

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

the substance is blood glucose and the material includes insulin.

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.



