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(57) ABSTRACT 

A method and apparatus for calibrating noninvasive or 
implantable glucose analyzers uses either alternative inva 
sive glucose determinations or noninvasive glucose deter 
minations for calibrating noninvasive or implantable glu 
cose analyzers. Use of an alternative invasive or noninvasive 
glucose determination in the calibration alloWs minimiza 
tion of errors due to sampling methodology, and spatial and 
temporal variations that are built into the calibration model. 
An additional embodiment uses statistical correlations 
betWeen noninvasive and alternative invasive glucose deter 
minations and traditional invasive glucose determinations to 
adjust noninvasive or alternative invasive glucose concen 
trations to traditional invasive glucose concentrations. The 
invention provides a means for calibrating on the basis of 
glucose determinations that re?ect the matrix observed and 
the variable measured by the analyzer more closely. A 
glucose analyzer couples an invasive ?ngerstick meter to a 
noninvasive glucose analyzer for calibration, validation, 
adaptation, and safety check of the calibration model 
embodied in the noninvasive analyzer. 
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METHOD AND APPARATUS FOR USING 
ALTERNATIVE SITE GLUCOSE 

DETERMINATIONS TO CALIBRATE AND 
MAINTAIN NONINVASIVE AND IMPLANTABLE 

ANALYZERS 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This Application is a divisional application of US. 
patent application Ser. No. 10/377,916, ?led Feb. 28, 2003, 
Which claims bene?t of US. provisional patent application 
Ser. No. 60/362,899, ?led Mar. 8, 2002 and US. provisional 
patent application Ser. No. 60/362,885, ?led Mar. 8, 2002, 
each of Which is incorporated herein in its entirety by this 
reference thereto. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention relates generally to the calibration 
and maintenance of glucose analyZers. More particularly, the 
invention relates to the use of alternative site glucose 
determinations to improve algorithm development, calibra 
tion, and/or quality control of noninvasive or implantable 
glucose analyZers. 
[0004] 2. Background Information 

[0005] Diabetes is a chronic disease that results in 
improper production and utiliZation of insulin, a hormone 
that facilitates glucose uptake into cells. While a precise 
cause of diabetes is unknoWn, genetic factors, environmental 
factors, and obesity appear to play roles. Diabetics have 
increased risk in three broad categories: cardiovascular heart 
disease, retinopathy, and neuropathy. Diabetics may have 
one or more of the folloWing complications: heart disease 
and stroke, high blood pressure, kidney disease, neuropathy 
(nerve disease and amputations), retinopathy, diabetic 
ketoacidosis, skin conditions, gum disease, impotence, and 
fetal complications. Diabetes is a leading cause of death and 
disability WorldWide. Moreover, diabetes is merely one 
among a group of disorders of glucose metabolism that also 
includes impaired glucose tolerance, and hyperinsulinemia, 
or hypoglycemia. 

[0006] Diabetes Prevalence and Trends 

[0007] Diabetes is an ever more common disease. The 
World Health OrganiZation (WHO) estimates that diabetes 
currently afflicts 154 million people WorldWide. There are 54 
million people With diabetes living in developed countries. 
The WHO estimates that the number of people With diabetes 
Will groW to 300 million by the year 2025. In the United 
States, 15.7 million people or 5.9 per cent of the population 
are estimated to have diabetes. Within the United States, the 
prevalence of adults diagnosed With diabetes increased by 
siX percent in 1999 and rose by 33 percent betWeen 1990 and 
1998. This corresponds to approximately eight hundred 
thousand neW cases every year in America. The estimated 
total cost to the United States economy alone eXceeds $90 
billion per year. Diabetes Statistics, National Institutes of 
Health, Publication No. 98-3926, Bethesda, Md. (November 
1997). 
[0008] Long-term clinical studies shoW that the onset of 
complications can be signi?cantly reduced through proper 
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control of blood glucose levels. The Diabetes Control and 
Complications Trial Research Group, The e?rect of intensive 
treatment of diabetes on the development and progression of 
long-term complications in insulin-dependent diabetes mel 
litus, N Eng J of Med, 329:977-86 (1993); UK. Prospective 
Diabetes Study (UKPDS) Group, Intensive blood-glucose 
control with sulphonylureas or insulin compared with con 
ventional treatment and risk of complications in patients 
with type 2 diabetes, Lancet, 352:837-853 (1998); and Y. 
Ohkubo, H. KishikaWa, E. Araki, T. Miyata, S. Isami, S. 
Motoyoshi, Y. Kojima, N. Furuyoshi, M. ShichiZi, Intensive 
insulin therapy prevents the progression of diabetic 
microvascular complications in Japanese patients with non 
insulin-dependent diabetes mellitus: a randomized prospec 
tive 6-year study, Diabetes Res Clin Pract, 28:103-117 
(1995). 
[0009] A vital element of diabetes management is the 
self-monitoring of blood glucose levels by diabetics in the 
home environment. HoWever, current monitoring techniques 
discourage regular use due to the inconvenient and painful 
nature of draWing blood through the skin prior to analysis. 
The Diabetes Control and Complication Trial Research 
Group, supra. As a result, noninvasive measurement of 
glucose has been identi?ed as a bene?cial development for 
the management of diabetes. Implantable glucose analyZers 
eventually coupled to an insulin delivery system providing 
an arti?cial pancreas are also being pursued. 

[0010] Glucose Measurement History, Approaches, and 
Technologies 

[0011] Diabetes treatment has progressed through several 
stages. The combined development of insulin therapy and 
in-home glucose determination led to a radical improvement 
in the lives of diabetics. Home glucose determination has 
also progressed through its oWn succession of stages. Urine 
tests for glucose have given Way to the invasive ?ngerstick 
glucose determinations that are more accurate but someWhat 
painful, also presenting a possible biohaZard. The develop 
ment of alternative site glucose determinations has some 
What mitigated the pain aspects, but may have introduced a 
neW dif?culty as a result of temporal and spatial differences 
in glucose betWeen the Well perfused ?ngertip and the less 
Well perfused alternative sites. Additionally, the biohaZard 
issue remains. Current research is focusing on the develop 
ment of noninvasive technologies that Will totally eliminate 
the pain associated With glucose determination and ?uid 
biohaZard issues. Finally, considerable progress has been 
made in implantable or full-loop systems incorporating both 
glucose determination and insulin delivery that Will result in 
the realiZation of an arti?cial pancreas. Blood glucose deter 
mination may currently be categoriZed into four major types: 

[0012] traditional invasive; 

[0013] alternative invasive; 

[0014] noninvasive; and 

[0015] implantable. 

[0016] Due to the Wide use of these modes of measure 
ment and someWhat loose utiliZation of terminology in the 
literature, a detailed summary of the terminology for each 
mode of measurement is provided here in order to clarify 
usage of the terms herein. 
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[0017] In the medical ?eld, the term ‘invasive’ is custom 
arily applied to surgical methods and procedures, generally 
involving at least some trauma or injury to the tissue, such 
as cutting, in order to achieve their object. HoWever, in the 
glucose determination ?eld, the term ‘invasive’ is de?ned 
relative to noninvasive. ‘Noninvasive’ clearly describes 
methods, invariably signal-based, in Which no biological 
sample or ?uid is taken from the body in order to perform 
a glucose measurement. ‘Invasive’ then means that a bio 
logical sample is collected from the body. Invasive glucose 
determinations may then be further broken into tWo separate 
groups. The ?rst is a ‘traditional invasive’ method in Which 
a blood sample is collected from the body from an artery, 
vein, or capillary bed in the ?ngertips or toes. The second is 
an ‘alternative invasive’ method in Which a sample of blood, 
interstitial ?uid, or biological ?uid is draWn from a region 
other than an artery, vein, or capillary bed in the ?ngertips 
or toes. 

[0018] 1. Traditional Invasive Glucose Determination 

[0019] There are three major categories of traditional 
(classic) invasive glucose determinations. The ?rst tWo 
utiliZe blood draWn With a needle from an artery or vein, 
respectively. The third consists of capillary blood obtained 
via lancet from the ?ngertip or toes. Over the past tWo 
decades, this has become the most common method for 
self-monitoring of blood glucose. 

[0020] Common technologies are utiliZed to analyZe the 
blood collected by venous or arterial draW and ?nger stick 
approaches. Glucose analysis includes techniques such as 
colorimetric and enZymatic glucose analysis. The most 
common enZymatic based glucose analyZers utiliZe glucose 
oXidase, Which catalyZes the reaction of glucose With oXy 
gen to form gluconolactone and hydrogen peroXide as 
shoWn by equation 1, infra. Glucose determination includes 
techniques based upon depletion of oXygen in the sample 
either through the changes in sample pH, or through the 
formation of hydrogen peroxide. A number of colorimetric 
and electro-enZymatic techniques further utiliZe the reaction 
products as a starting reagent. For eXample, hydrogen per 
oXide reacts in the presence of platinum to form the hydro 
gen ion, oXygen, and current; any of Which may be utiliZed 
indirectly to determine the glucose concentration, as in 
equation 2. 

glucose+O2—>gluconolactone+H2O2 (1) 

H2O2—>2H*+O2+2e’ (2) 

[0021] It is noted that a number of alternative site meth 
odologies such as the THERASENSE FREESTYLE 
(THERASENSE, INC., Alameda Calif.) collect blood 
samples from regions other than the ?ngertip or toes. These 
technologies are not herein referred to as traditional invasive 
glucose meters unless the sample is draWn from the ?ngertip 
or toes despite having similar chemical analyses such as the 
colorimetric or enZymatic analysis described above. HoW 
ever, the same device utiliZed to collect blood via lancet 
from sample sites consisting of the ?ngertip or toe is a 
traditional invasive glucose analyZer. 

[0022] 2. Alternative Invasive Glucose Determination 

[0023] There are several alternative invasive methods of 
determining glucose concentration. A ?rst group of alterna 
tive invasive glucose analyZers have a number of similarities 
to the traditional invasive glucose analyZers. One similarity 
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is that blood samples are acquired With a lancet. Obviously, 
this form of alternative invasive glucose determination While 
unsuitable for analysis of venous or arterial blood, may be 
utiliZed to collect capillary blood samples. A second simi 
larity is that the blood sample is analyZed using chemical 
analyses that resemble the colorimetric and enZymatic 
analyses describe above. The primary difference, hoWever, 
is that in an alternative invasive glucose determination the 
blood sample is not collected from the ?ngertip or toes. For 
eXample, according to package labeling, the THERASENSE 
FREESTYLE meter may be utiliZed to collect and analyZe 
blood from the forearm. This is an alternative invasive 
glucose determination due to the location of the lancet draW. 
In this ?rst group of alternative invasive methods based 
upon blood draWs With a lancet, a primary difference 
betWeen the alternative invasive and traditional invasive 
glucose determination is the location of the site of blood 
acquisition from the body. Additional differences include 
factors such as the gauge of the lancet, the depth of pen 
etration of the lancet, timing issues, the volume of blood 
acquired, and environmental factors such as the partial 
pressure of oXygen, altitude, and temperature. This form of 
alternative invasive glucose determination includes samples 
collected from the palmar region, base of thumb, forearm, 
upper arm, head, earlobe, torso, abdominal region, thigh, 
calf, and plantar region. 

[0024] A second group of alternative invasive glucose 
analyZers is distinguished by their mode of sample acquisi 
tion. This group of glucose analyZers has a common char 
acteristic of acquiring a biological sample from the body or 
modifying the surface of the skin to gather a sample Without 
utiliZation of a lancet for subsequent analysis. For eXample, 
a laser poration based glucose analyZer utiliZes a burst or 
stream of photons to create a small hole in the skin surface. 
A sample of substantially interstitial ?uid collects in the 
resulting hole. Subsequent analysis of the sample for glu 
cose constitutes an alternative invasive glucose analysis, 
Whether or not the sample Was actually removed from the 
created hole. A second common characteristic is that a 
device and algorithm are utiliZed to determine glucose from 
the sample. Herein, the term alternative invasive includes 
techniques that analyZe biosamples such as interstitial ?uid, 
Whole blood, miXtures of interstitial ?uid and Whole blood, 
and selectively sampled interstitial ?uid. An eXample of 
selectively sampled interstitial ?uid is collected ?uid in 
Which large or less mobile constituents are not fully repre 
sented in the resulting sample. For this second group of 
alternative invasive glucose analyZers sampling sites 
include: the hand, ?ngertips, palmar region, base of thumb, 
forearm, upper arm, head, earlobe, eye, chest, torso, abdomi 
nal region, thigh, calf, foot, plantar region, and toes. A 
number of methodologies eXist for the collection of samples 
for alternative invasive measurements including: 

[0025] Laser poration: In these systems, photons of 
one or more Wavelengths are applied to skin creating 
a small hole in the skin barrier. This alloWs small 
volumes of interstitial ?uid to become available for 
a number of sampling techniques; 

[0026] Applied current: In these systems, a small 
electrical current is applied to the skin alloWing 
interstitial ?uid to permeate through the skin; 
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[0027] Suction: In these systems, a partial vacuum is 
applied to a local area on the surface of the skin. 
Interstitial ?uid permeates the skin and is collected. 

[0028] In all of the above techniques, the analyZed sample 
is interstitial ?uid. HoWever, some of these same techniques 
can be applied to the skin in a fashion that draWs blood. For 
example, the laser poration method can result in blood 
droplets. As described herein, any technique that draWs 
biosamples from the skin Without the use of a lancet on the 
?ngertip or toes is referred to as an alternative invasive 
technique. In addition, it is recognized that the alternative 
invasive systems each use different sampling approaches 
that lead to different subsets of the interstitial ?uid being 
collected. For example, large proteins might lag behind in 
the skin While smaller, more diffusive, elements may be 
preferentially sampled. This leads to samples being col 
lected With varying analyte and interferent concentrations. 
Another example is that a mixture of Whole blood and 
interstitial ?uid may be collected. These techniques may be 
utiliZed in combination. For example the SOFT-TACT, also 
knoWn as the SOFTSENSE (ABBOT LABORATORIES, 
INC, Abbot Park Ill.), applies suction to the skin folloWed by 
a lancet stick. Despite the differences in sampling, these 
techniques are referred to as alternative invasive techniques 
sampling interstitial ?uid. 

[0029] The literature occasionally refers to the alternative 
invasive technique as an alternative site glucose determina 
tion or as a minimally invasive technique. The minimally 
invasive nomenclature derives from the method by Which 
the sample is collected. As described herein, the alternative 
site glucose determinations that draW blood or interstitial 
?uid, even % microliter, are considered to be alternative 
invasive glucose determination techniques as de?ned above. 
Examples of alternative invasive techniques include the 
THERASENSE FREESTYLE When not sampling ?ngertips 
or toes, the GLUCOWATCH (CYGNUS, INC., RedWood 
City Calif.) the ONE TOUCH ULTRA (LIFESCAN, INC., 
Milpitas Calif.), and equivalent technologies. 
[0030] A Wide range of technologies serve to analyZe 
biosamples collected With alternative invasive techniques. 
The most common of these technologies are: 

[0031] Conventional: With some modi?cation, the 
interstitial ?uid samples may be analyZed by most of 
the technologies utiliZed to determine glucose con 
centrations in serum, plasma, or Whole blood. These 
include electrochemical, electroenZymatic, and colo 
rimetric approaches. For example, the enZymatic and 
colorimetric approaches described above may also 
be used to determine the glucose concentration in 
interstitial ?uid samples; 

[0032] Spectrophotometric: A number of approaches 
for determining the glucose concentration in bio 
samples, have been developed that utiliZe spectro 
photometric technologies. These techniques include: 
Raman and ?uorescence, as Well as techniques using 
light from the ultraviolet through the infrared [ultra 
violet (200 to 400 nm), visible (400 to 700 nm), 
near-IR (700 to 2500 nm or 14,286 to 4000 cm_1), 
and infrared (2500 to 14,285 nm or 4000 to 700 

cm_1)]. 
[0033] As used herein, the term invasive glucose analyZer 
encompasses both traditional invasive glucose analyZers and 
alternative invasive glucose analyZers. 
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[0034] 3. Noninvasive Glucose Determination 

[0035] There exist a number of noninvasive approaches 
for glucose determination. These approaches vary Widely, 
but have at least tWo common steps. First, an apparatus is 
utiliZed to acquire a signal from the body Without obtaining 
a biological sample. Second, an algorithm is utiliZed to 
convert this signal into a glucose determination. 

[0036] One type of noninvasive glucose determination is 
based upon spectra. Typically, a noninvasive apparatus uti 
liZes some form of spectroscopy to acquire the signal or 
spectrum from the body. UtiliZed spectroscopic techniques 
include, but are not limited to: Raman and ?uorescence, as 
Well as techniques using light from ultraviolet through the 
infrared [ultraviolet (200 to 400 nm), visible (400 to 700 
nm), near-IR (700 to 2500 nm or 14,286 to 4000 cm_1), and 
infrared (2500 to 14,285 nm or 4000 to 700 cm_1)]. A 
particular range for noninvasive glucose determination in 
diffuse re?ectance mode is about 1100 to 2500 nm or ranges 
therein. K. HaZen, Glucose Determination in Biological 
Matrices Using Near-Infrared Spectroscopy, doctoral dis 
sertation, University of IoWa (1995). It is important to note 
that these techniques are distinct from the traditional inva 
sive and alternative invasive techniques listed above in that 
the sample interrogated is a portion of the human body 
in-situ, not a biological sample acquired from the human 
body. 
[0037] Typically, three modes are utiliZed to collect non 
invasive scans: transmittance, trans?ectance, and/or diffuse 
re?ectance. For example the signal collected, typically con 
sisting of light or a spectrum, may be transmitting through 
a region of the body such as a ?ngertip, diffusely re?ected, 
or trans?ected. Trans?ected here refers to collection of the 
signal not at the incident point or area (diffuse re?ectance), 
and not at the opposite side of the sample (transmittance), 
but rather at some point on the body betWeen the transmitted 
and diffuse re?ectance collection area. For example, trans 
?ected light enters the ?ngertip or forearm in one region and 
exits in another region typically 0.2 to 5 mm or more aWay 
depending on the Wavelength utiliZed. Thus, light that is 
strongly absorbed by the body such as light near Water 
absorbance maxima at 1450 or 1950 nm Would need to be 
collected after a small radial divergence and light that is less 
absorbed such as light near Water absorbance minima at 
1300, 1600, or 2250 nm may be collected at greater radial or 
trans?ected distances from the incident photons. 

[0038] Noninvasive techniques are not limited to using the 
?ngertip as a measurement site. Alternative sites for taking 
noninvasive measurements include: a hand, ?nger, palmar 
region, base of thumb, forearm, volar aspect of the forearm, 
dorsal aspect of the forearm, upper arm, head, earlobe, eye, 
tongue, chest, torso, abdominal region, thigh, calf, foot, 
plantar region, and toe. It is important to note that nonin 
vasive techniques do not have to be based upon spectros 
copy. For example, a bioimpedence meter Would be consid 
ered a noninvasive device. Within the context of the 
invention, any device that reads a signal from the body 
Without penetrating the skin and collecting a biological 
sample is referred to as a noninvasive glucose analyZer. For 
example, a bioimpedence meter is a noninvasive device. 

[0039] An alternative reference method is a reference 
determination made at a location on the body not including 
the ?ngertips and toes. An alternative reference includes 
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both an alternative invasive measurement and an alternative 
site noninvasive measurement. Hence, an alternative site 
noninvasive measurement is a noninvasive measurement 
made at physiological sites excluding the ?ngertips and toes. 

[0040] 4. Implantable Sensor for Glucose Determination 

[0041] There exist a number of approaches for implanting 
a glucose sensor into the body for glucose determination. 
These implantables may be utiliZed to collect a sample for 
further analysis or may acquire a reading or signal from the 
sample directly or indirectly. TWo categories of implantable 
glucose analyZers exist: short-term and long-term. 

[0042] As referred to herein, a device or a collection 
apparatus is at least a short-term implantable (as opposed to 
a long-term implantable) if part of the device penetrates the 
skin for a period of greater than 3 hours and less than one 
month. For example, a Wick placed subcutaneously to col 
lect a sample overnight that is removed and analyZed for 
glucose content representative of the interstitial ?uid glucose 
concentration is referred to as a short term implantable. 
Similarly, a biosensor or electrode placed under the skin for 
a period of greater than three hours that reads a signal 
indicative of a glucose concentration or level, directly or 
indirectly is referred to as at least a short-term implantable 
device. Conversely, devices described above based upon 
techniques like a lancet, applied current, laser poration, or 
suction are referred to as either a traditional invasive or 

alternative invasive technique as they do not ful?ll both the 
three hour and skin penetration parameters. As described 
herein, long-term implantables are distinguished from short 
term implantables by having the criteria that they must both 
penetrate the skin and be utiliZed for a period of one month 
or longer. Long term implantables may remain in the body 
for many years. 

[0043] Implantable glucose analyZers vary Widely, but 
have at least several features in common. First, at least part 
of the device penetrates the skin. More commonly, the entire 
device is imbedded into the body. Second, the apparatus is 
utiliZed to acquire either a sample of the body or a signal 
relating directly or indirectly to the glucose concentration 
Within the body. If the implantable device collects a sample, 
readings or measurements on the sample may be collected 
after removal from the body. Alternatively, readings or 
signals may be transmitted from Within the body by the 
device or utiliZed for such purposes as insulin delivery While 
in the body. Third, an algorithm is utiliZed to convert the 
signals into readings directly or indirectly related to the 
glucose concentration. An implantable analyZer may read 
signals from one or more of a variety of body ?uids or 
tissues including but not limited to: arterial blood, venous 
blood, capillary blood, interstitial ?uid, and selectively 
sampled interstitial ?uid. An implantable analyZer may also 
collect glucose information from skin tissue, cerebral spinal 
?uid, organ tissue, or through an artery or vein. For example, 
an implantable glucose analyZer may be placed transcuta 
neously, in the peritoneal cavity, in an artery, in muscle, or 
in an organ such as the liver or brain. The implantable 
glucose sensor may be one component of an arti?cial 
pancreas. 

[0044] Examples of implantable glucose monitors folloW. 
One example of a CGMS (continuous glucose monitoring 
system) is a group of glucose monitors based upon open 
?oW microperfusion. Z. TrajanoWski, G. Brunner, L. 
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Schaupp, M. Ellmerer, P. Wach, T. Pieber, P. Kotanko, F. 
Skrabai, Open-?ow microperfusion of subcutaneous adipose 
tissue for on-line continuous ex vivo measurement of glucose 
concentration, Diabetes Care, 20:1114-1120 (1997). 
Another example utiliZes implanted sensors that comprise 
biosensors and amperometric sensors. Z. TrajanoWski, P. 
Wach, R. Gfrerer, Portable device for continuous fraction 
ated blood sampling and continuous ex vivo blood glucose 
monitoring, Biosensors and Bioelectronics, 11:479-487 
(1996). Another example is the MINIMED CGMS 
(MEDTRONIC, INC., Minneapolis Minn.). 

Description of Related Technology 

[0045] Glucose Concentration Measured at Fingertip vs. 
Alternative Sampling Locations 

[0046] Many authors claim that alternative site glucose 
concentrations are equivalent to ?ngerstick glucose deter 
mination. A number of examples are summariZed beloW: 

[0047] SZuts, et al. conclude that measurable physiologi 
cal differences in glucose concentration betWeen the arm and 
?ngertip could be determined, but that these differences 
Were found to be clinically insigni?cant even in those 
subjects in Whom they Were measured. E. SZuts, J. Lock, K. 
Malomo, A. Anagnostopoulos, Althea, Blood glucose con 
centrations of arm and ?nger during dynamic glucose 
conditions, Diabetes Technology & Therapeutics, 4:3-11 
(2002). 
[0048] Lee, et al. concluded that patients testing tWo hours 
postprandial could expect to see small differences betWeen 
their forearm and ?ngertip glucose concentrations. D. Lee, 
S. Weinert, E. Miller, A study of forearm versus ?nger stick 
glucose monitoring, Diabetes Technology & Therapeutics, 
4:13-23 (2002). 

[0049] Bennion, et al. concluded that there is no signi? 
cant difference in HbA1C measurements for patients utiliZ 
ing alternative site meters off of the ?ngertip and traditional 
glucose analyZers on the ?ngertip. N. Bennion, N. Chris 
tensen, G. McGarraugh, Alternate site glucose testing: a 
crossover design, Diabetes Technology & Therapeutics, 
4:25-33 (2002). This is an indirect indication that the fore 
arm and ?ngertip glucose concentrations are the same, 
though many additional factors such as pain and frequency 
of testing Will impact the study. 

[0050] Peled, et al. concluded that glucose monitoring of 
blood samples from the forearm is suitable When expecting 
steady state glycemic conditions and that the palm samples 
produced a close correlation With ?ngertip glucose determi 
nations under all glycemic states. N. Peled, D. Wong, S. 
GWalani, Comparison of glucose levels in capillary blood 
samples from a variety of body sites, Diabetes Technology & 
Therapeutics, 4:35-44 (2002). 

[0051] Based upon a study utiliZing fast acting insulin 
injected intravenously, Jungheim, et al. suggested that to 
avoid risky delays in hyperglycemia and hypoglycemia 
detection, monitoring at the arm should be limited to situ 
ations in Which ongoing rapid changes in the blood glucose 
concentration can be excluded. K. Jungheim, T. Koschinsky, 
Glucose monitoring at the arm, Diabetes Care, 25:956-960 
(2002); and K. Jungheim; T. Koschinsky, Risky delay of 
hypoglycemia detection by glucose monitoring at the arm, 
Diabetes Care, 24:1303-1304 (2001). The use of intravenous 
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insulin in this study Was criticized as creating physiological 
extremes that in?uence the observed differences. G. McGar 
raugh, Response to Jungheim and Koschinsky, Diabetes 
Care, 241130411306 (2001). 

[0052] Equilibration Approaches 

[0053] While there eXist multiple reports that glucose 
concentrations are very similar When collected from the 
?ngertip or alternative locations, a number of sampling 
approaches have been recommended to increase localized 
perfusion at the sample site to equilibrate the values just 
prior to sampling. Several of these approaches are summa 
rized below: 

[0054] Pressure: One sampling methodology requires rub 
bing or applying pressure to the sampling site in order to 
increase localized perfusion prior to obtaining a sample via 
lancet. An eXample of this is the FREESTYLE blood glu 
cose analyzer (THERASENSE, INC., supra). G. McGar 
raugh, S. SchWartz, R. Weinstein, Glucose Measurements 
Using Blood Extracted from the Forearm and the Finger; 
THERASENSE, INC., ART01022 Rev. C (2001); and G. 
McGarraugh, D. Price, S. SchWartz, R. Weinstein, Physi 
ological in?uences on o?r-?nger glucose testing, Diabetes 
Technology & Therapeutics, 31367-376 (2001). 

[0055] Heating: Heat applied to the localized sample site 
has been proposed as a mechanism for equalizing the 
concentration betWeen the vascular system and skin tissue. 
This may be to dilate the capillaries alloWing more blood 
?oW, Which leads toWards equalization of the venous and 
capillary glucose concentrations. Alternatively, vasodilating 
agents such as nicotinic acid, methyl nicotinamide, minoXi 
dil, nitroglycerin, histamine, capsaicin, or menthol can be 
utilized to increase local blood ?oW. M. Rohrscheib, C. 
Gardner, M. Robinson, Method and apparatus for noninva 
sive blood analyte measurement With ?uid compartment 
equilibration, US. Pat. No. 6,240,306 (May 29, 2001). 

[0056] Vacuum: Applying a partial vacuum to the skin at 
and around the sampling site prior to sample collection has 
also been utilized. A localized deformation in the skin may 
alloW super?cial capillaries to ?ll more completely. T. Ryan, 
A study of the epidermal capillary unit in psoriasis, Der 
matologica, 1381459-472 (1969). For eXample, ABBOT 
LABORATORIES, INC. utilizes a vacuum device at one 
half atmosphere that pulls the skin up 3.5 mm into their 
device. ABBOT maintains this deformation results in 
increased perfusion that equalizes the glucose concentration 
betWeen the alternative site and the ?ngertip. R. Ng, Pre 
sentation to the FDA at the Clinical Chemistry & Clinical 
Toxicology Devices Panel Meeting, Gaithersburg Md. (Oct. 
29, 2001). 

[0057] Calibration: 

[0058] Glucose analyzers require calibration. This is true 
for all types of glucose analyzers such as traditional inva 
sive, alternative invasive, noninvasive, and implantable ana 
lyzers. One fact associated With noninvasive glucose ana 
lyzers is the fact that they are secondary in nature, that is, 
they do not measure blood glucose levels directly. This 
means that a primary method is required to calibrate these 
devices to measure blood glucose levels properly. Many 
methods of calibration eXist. 
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[0059] Calibration of Traditional Invasive Glucose Ana 
lyzers: 
[0060] Glucose meters or analyzers may be calibrated off 
of biological samples such as Whole blood, serum, plasmas, 
or modi?ed solutions of these samples. In addition, glucose 
analyzers may be calibrated With a range of Whole blood 
samples, modi?ed Whole blood samples, blood simulants, 
phantoms, or a range of chemically prepared standards. 
Typically, these samples have glucose concentrations that 
span the desired functionality range of the glucose analyzer. 
For glucose analyzers, this is approximately 70 to 400 
mg/dL. Some go further into the hypoglycemic range, doWn 
to 40 or even 0 mg/dL, While some go Well into the 
hyperglycemic range, up to 700 or 1000 mg/dL. 

[0061] Calibration of Alternative Invasive Glucose Ana 
lyzers: 

[0062] Alternative invasive glucose analyzers utilize 
many of the invasive glucose calibration procedures. When 
calibrating the alternative invasive glucose meters that uti 
lize biological ?uids such as blood or interstitial ?uid as a 
reference, relatively minor modi?cations to the traditional 
calibration approaches may be required. 

[0063] Calibration of Noninvasive Glucose Analyzers: 

[0064] One noninvasive technology, near-infrared spec 
troscopy, provides the opportunity for both frequent and 
painless noninvasive measurement of glucose. This 
approach involves the illumination of a spot on the body 
With near-infrared (NIR) electromagnetic radiation, light in 
the Wavelength range 700 to 2500 nm. The light is partially 
absorbed and scattered, according to its interaction With the 
constituents of the tissue. The actual tissue volume that is 
sampled is the portion of irradiated tissue from Which light 
is trans?ected or diffusely transmitted to the spectrometer 
detection system. With near-infrared spectroscopy, a math 
ematical relationship betWeen an in vivo near-infrared mea 
surement and the actual blood glucose value needs to be 
developed. This is achieved through the collection of in vivo 
NIR measurements With corresponding blood glucose val 
ues that have been obtained directly through the use of 
measurement tools like the HEMOCUE (YSI INCORPO 
RATED, YelloW Springs Ohio), or any appropriate and 
accurate traditional invasive reference device. 

[0065] For spectrophotometric based analyzers, there are 
several univariate and multivariate methods that can be used 
to develop the mathematical relationship betWeen the mea 
sured signal and the actual blood glucose value. HoWever, 
the basic equation being solved is knoWn as the Beer 
Lambert LaW. This laW states that the strength of an absor 
bance/re?ectance measurement is proportional to the con 
centration of the analyte Which is being measured, as in 
equation 3, 

A=ebC (3) 

[0066] Where A is the absorbance/re?ectance measure 
ment at a given Wavelength of light, 6 is the molar absorp 
tivity associated With the molecule of interest at the same 
given Wavelength, b is the distance that the light travels, and 
C is the concentration of the molecule of interest (glucose). 

[0067] Chemometric calibration techniques eXtract the 
glucose signal from the measured spectrum through various 
methods of signal processing and calibration including one 
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or more mathematical models. The models are still devel 
oped through the process of calibration on the basis of an 
exemplary set of spectral measurements known as the cali 
bration set and associated set of reference blood glucose 
values based upon an analysis of ?ngertip capillary blood or 
venous blood. Common multivariate approaches requiring 
an exemplary reference glucose concentration vector for 
each sample spectrum in a calibration include partial least 
squares (PLS) and principal component regression (PCR). 
Many additional forms of calibration are knoWn, such as 
neural netWorks. 

[0068] Because every method has error, it is desirable that 
the primary device used to measure blood glucose be as 
accurate as possible to minimiZe the error that propagates 
through the mathematical relationship developed. While it 
appears reasonable to assume that any FDA-approved blood 
glucose monitor should be suitable, for accurate veri?cation 
of the secondary method, a monitor having a percentage 
error of less than 5 percent is desirable. Meters With 
increased percentage error such as 10 percent may also be 
acceptable, though the error of the device being calibrated 
may increase. 

[0069] Although the above is Well-understood, one aspect 
that is forgotten is that secondary methods require constant 
veri?cation that they are providing consistent and accurate 
measurements When compared to the primary method. This 
means that a method for checking blood glucose values 
directly and comparing those values With the given second 
ary method is required. Such monitoring is manifested in 
quality assurance and quality control programs. Bias adjust 
ments are often made to a calibration. In some cases the most 

appropriate calibration is selected based upon these second 
ary methods. S. Malin, T. Ruchti, Intelligent system for 
noninvasive blood analyte prediction, US. Pat. No. 6,280, 
381 (Aug. 28, 2001). This approach is also knoWn as 
validation. 

[0070] The Problem: 

[0071] Calibration of a noninvasive glucose analyZer 
entails some complications not observed in traditional inva 
sive glucose analyZers. For example, spectroscopic or spec 
trophotometric based noninvasive glucose analyZers probe a 
sample that is not entirely Whole blood or interstitial ?uid. 
Photons penetrate into the body, interact With body layers 
and/or tissues and are detected upon reemerging from the 
body. Hence, many possible interferences exist that do not 
exist in a prepared reference or calibration sample. In 
addition, the interferences and matrices encountered are part 
of a living being and hence are dynamic in nature. For these 
reasons, indirect calibration is often attempted With tradi 
tional invasive reference glucose determinations collected 
from the ?ngertip. This approach, hoWever, introduces 
errors into the noninvasive analyZer that are associated With 
sampling the reference glucose concentration. One key 
source of error is the difference betWeen glucose concentra 
tions at the site tested by the noninvasive glucose analyZer 
and the reference site sampled With an invasive technology. 
Thus, it Would be an important advance in the art to provide 
methods for calibrating and maintaining signal-based ana 
lyZers that addressed the negative effect on their accuracy 
and precision that results from calibrating them based on 
invasive reference samples taken at sites distant from the site 
of noninvasive sampling. 
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SUMMARY OF THE INVENTION 

[0072] The invention provides a method and apparatus for 
using either alternative invasive glucose determinations or 
alternative site noninvasive glucose determinations for cali 
brating noninvasive or implantable glucose analyZers. Use 
of an alternative invasive or alternative site noninvasive 
glucose determination in the calibration alloWs for minimi 
Zation of errors built into the glucose analyZer model, 
including errors due to sampling, methodology, and errors 
due to temporal and spatial variations of glucose concen 
tration Within the subject’s body. In addition, the invention 
provides conversion of glucose concentrations determined 
from noninvasive or alternative reference determinations 
into traditional invasive glucose determinations. As 
described herein, the use of an alternative invasive or 
noninvasive glucose determination for calibration is also 
understood to include their use for glucose determination, 
prediction, calibration transfer, calibration maintenance, 
quality control, and quality assurance. 

[0073] The use of alternative invasive or alternative site 
noninvasive reference determinations provides a means for 
calibrating on the basis of glucose determinations that re?ect 
the matrix observed and the variable measured by the 
analyZer more closely. Statistical correlations betWeen non 
invasive and alternative invasive glucose determinations and 
traditional invasive glucose determinations may then be 
used to adjust alternative site noninvasive or alternative 
invasive glucose concentrations to traditional invasive glu 
cose concentrations. The invention also provides an appa 
ratus in Which an invasive stick meter is coupled to a 
noninvasive glucose analyZer for calibration, validation, 
adaptation, and safety check of the calibration model 
embodied in the noninvasive analyZer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0074] FIG. 1 provides a plot of glucose measurements 
that demonstrates large differences in glucose concentration 
betWeen the ?ngertip and forearm according to the inven 
tion; 
[0075] FIG. 2 provides a plot of glucose measurements 
that demonstrates a lag in glucose concentrations determined 
from the forearm compared to the ?ngertip according to the 
invention; 
[0076] FIG. 3 shoWs a plot of ?ngertip and forearm 
glucose concentrations that are Well correlated; 

[0077] FIG. 4 illustrates a plot that demonstrates histore 
sis in glucose concentration pro?les resulting in differences 
in glucose concentration betWeen the ?ngertip and forearm 
even When glucose concentrations are at a local minimum 
With respect to time according to the invention; 

[0078] FIG. 5 provides a plot of forearm glucose concen 
trations against corresponding ?ngertip glucose concentra 
tions With a relatively large error according to the invention; 

[0079] FIG. 6 provides a plot of forearm glucose concen 
trations against corresponding contralateral forearm glucose 
concentrations With a smaller error When compared to FIG. 
5, according to the invention; 

[0080] FIG. 7 shoWs a block diagram of a noninvasive 
analyZer using alternative site glucose determinations cali 
bration and maintenance according to the invention; 
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[0081] FIG. 8 shows a plot of predicted glucose concen 
trations versus reference forearm glucose determinations 
according to the invention; 

[0082] FIG. 9 provides a plot of predicted glucose con 
centration versus traditional invasive reference glucose con 

centrations; 
[0083] FIG. 10 provides a histogram demonstrating a 
statistical difference in the histogram shift of predicted 
glucose concentrations versus ?ngertip and forearm refer 
ence concentrations according to the invention; 

[0084] FIG. 11 provides a histogram demonstrating a 
statistical difference in the histogram magnitude of predicted 
glucose concentrations versus ?ngertip and forearm refer 
ence concentrations according to the invention; 

[0085] FIG. 12 provides a plot of subjects demonstrating 
dampened and lagged glucose predictions versus traditional 
invasive reference glucose concentrations according to the 
invention; 
[0086] FIG. 13 illustrates a concentration correlation plot 
of the series of subjects With dampened and lagged glucose 
predictions versus traditional invasive reference glucose 
concentrations according to the invention; 

[0087] FIG. 14 shoWs a plot of lag and magnitude 
adjusted glucose predictions overlaid With traditional inva 
sive glucose determinations according to the invention; 

[0088] FIG. 15 provides a concentration correlation plot 
of the lag and magnitude adjusted glucose predictions versus 
traditional invasive reference glucose concentrations 
according to the invention; 

[0089] FIG. 16 shoWs an algorithm-adjusted concentra 
tion correlation plot of predicted glucose concentration 
versus traditional reference glucose concentrations accord 
ing to the invention; and 

[0090] FIG. 17 shoWs a block diagram of an apparatus 
including a noninvasive glucose analyZer coupled With an 
invasive (traditional or alternative) glucose monitor accord 
ing to the invention. 

DETAILED DESCRIPTION 

[0091] The present invention reduces the error in the 
reference glucose concentration for the calibration of glu 
cose sensors and therefore leads to a more accurate, precise, 
and robust glucose measurement system. 

[0092] Difference in Traditional Invasive and Alternative 
Invasive Glucose Concentration 

[0093] Initially, differences betWeen traditional invasive 
and alternative invasive glucose determinations are demon 
strated. It is demonstrated here that the differences betWeen 
the alternative invasive glucose concentration from a site 
such as the forearm and the glucose concentration from a 
traditional invasive ?ngerstick vary as a function of at least 
time and location. Additional parameters include sampling 
methodology, physiology, and glucose analyZer instrumen 
tation. 

EXAMPLE #1 

[0094] In a ?rst example, variation of glucose concentra 
tion at locations in the body is demonstrated at ?xed points 
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in time. A total of tWenty diabetic subjects Were run through 
one of tWo glucose pro?les each having tWo peaks so that the 
resulting curves formed the shape of an ‘M,’ shoWn in part 
in FIG. 1, over a period of eight hours. Thus, glucose 
concentration started loW at around 80 mg/dL, Was increased 
to approximately 350 mg/dL, and Was brought back to about 
80 mg/dL in a period of about four hours. The cycle Was 
immediately repeated to form an ‘M’-shaped glucose con 
centration pro?le. These pro?les Were alternately generated 
With intake of a liquid form of carbohydrate (50-100 g) or 
intake of a solid form of carbohydrate (50-100 g) in com 
bination With insulin to generate the tWo excursions of the 
‘M’ pro?le. Traditional invasive ?ngertip capillary glucose 
concentrations Were determined every 15 minutes through 
out the 8-hour period. Each ?ngertip determination Was 
immediately folloWed by an alternative invasive capillary 
glucose determinations Wherein samples Were collected 
from the volar aspect of the subject’s right and then left 
forearms. The resulting data set included 1920 data points 
(20 subjects*3 sites/15 minutes*32 draWs/day). J. Fischer, 
K. HaZen, M. Welch, L. Hockersmith, J. Coates, Compari 
sons of capillary blood glucose concentrations from the 
?ngertips and the volar aspects of the left and right fore 
arms, American Diabetes Association, 62nd Annual Meet 
ing, (Jun. 14, 2002). The ‘M’-shaped pro?les described 
above may be induced according to procedures previously 
set forth in L. Hockersmith, A method of producing a 
glycemic pro?le of predetermined shape in a test subject, 
US. patent application Ser. No. 09/766,427 (Jan. 18, 2001), 
the entirety of Which is hereby incorporated by reference as 
if fully set forth herein. 

[0095] Four partial ‘M’ pro?les from the above study are 
presented here. In FIG. 1, alternative invasive glucose 
concentrations measured at the forearm are demonstrated to 
have both a dampened and a lagged pro?le versus the 
traditional invasive ?ngertip glucose concentrations. For this 
individual, When the glucose concentration Was rising the 
forearm glucose concentrations are observed to be substan 
tially dampened, that is loWer than the corresponding ?n 
gertip glucose concentration. For example, at the 90 minute 
mark the ?ngertip glucose concentration of 234 mg/dL is 
more than 100 mg/dL higher than either the left or right 
forearm glucose concentration of 123 and 114 mg/dL, 
respectively. In addition, the peak glucose concentration 
observed at the ?ngertip of 295 mg/dL is both larger and 
occurred 30 minutes earlier than the peak forearm glucose 
concentration of 259 mg/dL. Finally, the forearm glucose 
concentrations have a small lag versus the ?ngertip glucose 
concentrations. FIG. 2 presents another glucose pro?le in 
Which many of the same effects just described are observed 
but to a lesser degree. For example, the rising glucose 
concentrations of the alternative invasive forearm glucose 
concentrations are still less than those of the traditional 
invasive ?ngertip glucose concentrations, but the difference 
is smaller. A dampening and lag of the alternative invasive 
peak are still observed. One measure of dampening is the 
range of traditional invasive glucose concentrations minus 
the range of alternative invasive glucose concentrations. In 
addition, the lag is more pronounced than in the previous 
?gure. FIG. 3 demonstrates another example in Which the 
forearm glucose concentrations closely track those of the 
?ngertip glucose concentrations. Finally, FIG. 4 demon 
strates a historesis effect as a subject moves through subse 
quent glucose excursions. That is, a lag observed in a 
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forearm may still be observed at a later time. In this case, 
dampening of the forearm glucose concentration is observed 
at a glucose minimum relative to that of the ?ngertip glucose 
concentration. The effects observed above are representative 
as a Whole of the glucose pro?les observed in the study 
outlined above. 

[0096] As in FIG. 5, alternative invasive glucose deter 
minations collected from the volar aspect of each subject’s 
left and right forearm are plotted against the time-associated 
traditional invasive ?ngertip reference glucose concentra 
tion for all subjects in a concentration correlation plot 
overlaid With a Clarke error grid. The standard error of the 
forearm glucose concentrations versus the ?ngertip glucose 
concentration is relatively large at 37.7 mg/dL With an 
F-value of 4.43. The best ?t of the data yields a slope of 0.76 
and an intercept of 41.4 mg/dL. This is consistent With 
dampened and delayed forearm glucose pro?les relative to 
the ?ngertip and results in only 73.8% of the points falling 
in the ‘A’ region of the Clarke error grid. 

[0097] The glucose determinations collected from the 
volar aspect of each subject’s left and right forearm are 
plotted against each other for all subjects on a Clarke error 
grid in FIG. 6. The standard error of the left forearm glucose 
concentrations versus the right forearm glucose concentra 
tion is reduced to 17.2 mg/dL With an F-value of 16.0. The 
best ?t of the data yields a slope of 0.96 and an intercept of 
8.3 mg/dL. This is consistent With a reduction in the damp 
ening and delay of left forearm glucose pro?les relative to 
the right forearm glucose concentrations and results in 95.8 
percent of the points falling in the ‘A’ region of the Clarke 
error grid. A slope of 0.96, combined With the loW standard 
error, indicates that the capillary blood glucose values of the 
left and right volar forearm Would be similar. 

[0098] These data suggest several conclusions: 

[0099] during a glucose excursion, substantial differ 
ences are often observed betWeen the capillary blood 
glucose of the untreated forearm and the ?ngertip; 

[0100] fast changes in blood glucose concentration 
magnify differences betWeen the measured blood 
glucose concentration of the ?ngertip and forearm 
While the relative errors are proportional to the 
glucose concentration; 

[0101] during periods of rapid change in blood glu 
cose concentration, differences betWeen the forearm 
and ?ngertip give rise to a higher percentage of 
points in less desirable regions of the Clarke error 
grid; 

[0102] the measured blood glucose concentrations of 
the volar aspect of the left and right forearms appear 
similar; and 

[0103] ?nally, these ?ndings are consistent With the 
phenomenon of decreased perfusion into the forearm 
versus that of the ?ngertip, leading to a dampening 
and/or lag in the glucose pro?le. 

[0104] These conclusions are consistent With those 
reported in the circulatory physiology literature and that 
relating to sampling approaches of alternative invasive glu 
cose analyZers. It has been reported that blood How in the 
?ngers is 33:10 mL/g/min at 20° C. While in the leg, 
forearm, and abdomen the blood How is 4-6 mL/g/min at 
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19-22° C. V. Harvey, Sparks, skin and muscle, in: Peripheral 
Circulation, P. Johnson, ed., p. 198, NeW York (1978). This 
is consistent With the observed differences in localiZed blood 
glucose concentration. When glucose concentrations vary 
rapidly a difference develops throughout the body in local 
blood glucose concentrations as a result of differences in 
local tissue perfusion. For example, the blood How in the 
?ngers of the hand is greater than in alternative sites. This 
means that the blood glucose in the ?ngertips Will equili 
brate more rapidly With venous blood glucose concentra 
tions. Furthermore, the magnitude of differences in local 
glucose concentrations betWeen tWo sites is related to the 
rate of change in blood glucose concentrations. Conversely, 
under steady-state glucose conditions, the glucose concen 
tration through-out the body tends to be uniform. 

[0105] An additional study demonstrated that localiZed 
variations in the glucose concentration in the dorsal versus 
volar aspect of the forearm are small versus differences 
betWeen the glucose concentrations observed in either fore 
arm region versus that of the ?ngertip. J. Fischer, K. HaZen, 
M. Welch, L. Hockersmith, R Guttridge, T. Ruchti, physi 
ological di?rerences between volar and dorsal capillary 
forearm glucose concentrations and ?nger stick glucose 
concentrations in diabetics, American Diabetes Association, 
62nd Annual Meeting (Jun. 14, 2002). 
[0106] Another study demonstrated very small localiZed 
variation in glucose concentration Within a region such as 
the dorsal aspect of the forearm With observed differences 
approximating the scale of the error observed in the refer 
ence method. The glucose concentrations in the forearm are 
not observed to vary Within three inches laterally or axially 
from a central point of the forearm. 

[0107] In addition to differences in perfusion, the local 
permeability of tissue to diffusion and the local uptake of 
glucose during exercise or other activity can cause non 
uniform distribution of glucose in the body. Finally, When 
the noninvasive variable and the reference glucose concen 
tration are not measured simultaneously, an additional error 
can occur When glucose is varying in the body. 

[0108] Physiology 
[0109] The folloWing physiological interpretations are 
deduced from these studies: 

[0110] during times of glucose change, the glucose 
concentration as measured on the arm can lag behind 
that of the ?ngertip; 

a We -reco n1Ze 1 erence etWeent e n [0111] 11 g ' d d'ff b h ? 
gertip and the forearm is the rate of blood ?oW; 

[0112] differences in circulatory physiology of the 
off-?nger test sites may lead to differences in the 
measured blood glucose concentration; 

[0113] on average, the arm and ?nger glucose con 
centrations are approximately the same, but the 
correlation is not one-to-one. This suggests differ 
ences betWeen traditional invasive glucose concen 
trations and alternative invasive glucose concentra 
tions are different during time periods of fasting and 
after glucose ingestion; 

[0114] the relationship of forearm and thigh glucose 
levels to ?nger glucose is affected by proximity to a 
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meal. Meter forearm and thigh results during the 
sixty and ninety minute postprandial testing sessions 
are consistently loWer than the corresponding ?nger 
results; 

[0115] differences are inversely related to the direc 
tion of blood glucose concentration change; 

[0116] rapid changes may produce signi?cant differ 
ences in blood glucose concentrations measured at 
the ?ngertip and forearm; and 

[0117] for individuals, the relationship betWeen fore 
arm and ?nger blood glucose may be consistent. 
HoWever, the magnitude of the day-to-day differ 
ences has been found to vary. Finally, interstitial 
?uid (ISF) may lead plasma glucose concentration in 
the case of falling glucose levels due to exercise or 
glucose uptake due to insulin. 

[0118] UtiliZation of the Difference in Traditional Invasive 
and Alternative Invasive Glucose Concentration 

[0119] The discrepancy betWeen the glucose level at the 
non-invasive measurement site versus the reference concen 
tration presents a fundamental issue in relation to calibra 
tion. A calibration is generally a mathematical model or 
curve that is used to convert the noninvasively measured 
variable such as absorbance, voltage, or intensity to an 
estimate of the glucose concentration. Determination of the 
calibration is performed on the basis of a set of paired data 
points composed of noninvasive variables and associated 
reference blood glucose concentrations collected through a 
blood draW. Any error introduced by the reference method is 
propagated into any error associated With the indirect 
method as an uncertain, imprecise, and/or biased calibration. 

[0120] Method 

[0121] The invention provides a method of developing a 
calibration based on either traditional or alternate invasive 
reference glucose measurements. The percentage error in the 
reference glucose concentration is reduced through the 
application of one or more techniques that improve corre 
spondence betWeen the reference glucose concentration and 
the glucose concentration re?ected in the variable measured 
by the sensor, herein referred to as the “sensor variable”, 
thus producing a superior exemplary set of calibration data 
for calculating the calibration curve or model. Both nonin 
vasive and implantable glucose analyZers require a calibra 
tion because they rely on measurement of glucose indirectly 
from a blood or tissue property, ?uid, parameter, or variable. 
While the target application is typically an optical sensor, 
any device that measures glucose through a calibration falls 
Within the scope of the invention. Examples of such systems 
include: 

[0122] near-infrared spectroscopy (700-2500 nm), O. 
Khalil, Spectroscopic and clinical aspects of non 
invasive glucose measurements,” Clin Chem, 
451165-77 (1999); 

[0123] far-infrared spectroscopy; 

[0124] mid-infrared spectroscopy; 

[0125] Raman spectroscopy; 

[0126] ?uorescence spectroscopy; 
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[0127] spectroscillating thermal gradient spectrom 
etry, P. Zheng, C. Kramer, C. Barnes, J. Braig, B. 
Sterling, Noninvasive glucose determination by 
oscillating thermal gradient spectrometry, Diabetes 
Technology & Therapeutics, 211117-25; 

[0128] impedance based glucose determination; 

[0129] nuclear magnetic resonance; 

[0130] optical rotation of polariZed light; 

[0131] radio Wave impedance; 

[0132] ?uid extraction from the skin; 

[0133] glucose oxidase and enZymatic sensors; 

[0134] interstitial ?uid harvesting techniques (eg 
microporation or application of a small electric cur 
rent) or glucose electrode; and 

[0135] 
[0136] As previously described, the calibration set consti 
tutes a set of paired data points collected on one or more 
subjects; and generally includes glucose concentrations that 
span the expected range of glucose variation. Each paired 
data point includes a reference glucose value and an asso 
ciated value or values of the sensor variable. 

microdialysis. 

[0137] The invented method relies on a variety of pro 
cesses that improve the reference values of the calibration 
set, Which can be used independently or together. 

[0138] First is a process for calibrating using a calibration 
set of paired data points including a reference glucose value 
from a traditional invasive method or an alternative invasive 
method and a noninvasive sensor measurement. This ?rst 
process is based on the recognition that glucose tends to be 
uniform throughout the tissue under steady state conditions 
and that perfusion is the dominant physiological process 
leading to differences in glucose under dynamic situations. 
Within the context of this ?rst process, a number of tech 
niques are suggested for improving reference values With 
respect to their corresponding sensor values: 

[0139] Paired data points are collected at intervals 
that alloW determination of the rate of glucose 
change. For example, traditional invasive glucose 
determinations and noninvasive signals may be gen 
erated every 15 minutes for a period of four hours. 
The resulting calibration set is limited to paired data 
points With a corresponding rate of glucose change 
less than a speci?ed maximum level. 

[0140] Calibration data is collected during periods of 
stasis or sloW change in glucose concentration. The 
rate of acceptable change in glucose concentration is 
determined on the basis of the tolerable error in the 
reference values. For example, a rate of change of 
0.5 mg/dL/minute may be found to be acceptable; 

[0141] Under dynamic conditions, the circulation at a 
measurement site is perturbed, both for an alternative 
invasive measurement site for calibration and later 
for measuring glucose utiliZing an alternative inva 
sive glucose analyZer. Enhancement of circulation in 
the forearm or alternate testing site, for example, 
causes the local glucose concentrations to approach 
those of the ?ngertip. As described above, methods 












