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Preface to the Second Edi't

It has been five years since timédrnet publication of the first edition of this book, and

the response from people involved in this pursuit has been pleasingly positive. From the
number of people who have contacted me through David Mendosa, to the venture
capitalist who sent me a bottéfine Irish Whiskyasthanks for saving him an erroneous
investment, to (hopefully) those who read and learned frondinaay haveavoided

some false starts, it has become clear that this kind of collecisneeded| have had

the pleasure of being tontact with many new inventors, investigators and investors as a
result of its appearancandam happy to admthat it has alsserved as continuing

learning experience for merecognized when it was first written thts ook would

have value for a very limited number of people, but that those who nesghithave an
intense interest in the subject matter. | also realized early on that it this was not likely to
be a profitable activity, so | made theaikion to post it o David Mend s avébsite,
http://www.mendosa.com/noninvasive_glucose.pdhopes it would benefit others who

areworkingin this area.

Andinthosef i ve years, | 6m sad to say that no tecl
marketplaceor for that matterbeenreliably reportedas actually succeeding

laboratory or clinical testind.have personally looked at another dopeso

technol ogi es ( but sereweddnesdatsconficersialtmany of t he
agreements), been intrigliby a few and disappointed irsaveralbthers. My hopés

still that, while | draw breath, this pursuit witlome to a successful conclusidm those

who still pursuethis elusive dreaml urge redoubled efforts to discover, refine and

complete an appatch that overcomes the disadvantagesabtiesexplored so far. Even

with some reduction in thdriving forcesfor a noninvasiveglucose measuremeritt

would still benefit millions of people whose lives are impacted daily by diabetes and the

need to mak accurate measurements of blood glucose to asaidmplications.



Foreword

This is a compilation of experiencasd investigationborn of a combination of

scientific curiosity, dedication to people affected by a chrdifécthreatening disease,

and dogged determination to find a solution to the rifftult technical challenge |

haveencountered in my career. It is not, perhaps, as difficult or fraught with prebiem

realizingtime travel offindingthef i nal ufgf ghdg t h&luritystheof physi
more tantalizing becauseséemed for decades that the solutionaamysii j ust ar ound

the corner, 0 or at most, fAjust over the hori

| participated in evaluations of many of the technologies describeditele employed

at several companies directly or peripherally involved in glucose measurement.

In the text, | will describe many of the technologies, their capabilities and (especially)
their limitations for measurmglucose. | will articulatéhreevery i mpor t ant A Laws
Noninvasivé Gl ucos e o ( mlsubsestions)andditsts evhictcan be applied

to spectroscopiand othetechniques. Much of the description is technical, since it is the
subtleties otheapproaches that often lead to thfeilure. Nontechnical readers should
still try to read througlthes@ theconclusions are validlome of the reasoning may be
helpful, and there is certainly value in them as cautionary.t®re companies have
made a splash, or serve to illustrate iehaviors thavereexhibited by many of those in
this field, they will be described in some detail. In other cases, simple lists of the
investigators will serve to illustrate how many times a similar approach has been

attempted.

Although I do not (yethave diabetes, it has achieved epidemic proportions in this
country, andwill soon, as the standard of living rises elsewhszdelt equallyaround

the world. After spending many years devising instruments that measure blood glucose,

! This is the longsought system for reconcilingeBeral Relativity and quantum mechanics that caused

Einsteinso much heartache in his later years.

Although | will follow the panandoafiairoen greunleer atlhlayt pr e
unhyphenated, the term appears equally®fn aisnvia®inve, 6 and this can compl i c
depending on the sophistication of the search engine used.



and participatingn the explosive growth of the home blegldicose monitoring industry,

the need for a device that would allow people to measure their glucose withooit pain
trauma isasclear to meas it is to people who would useAts will be described here, it is
notthrough lack of effort, creativityentrepreneurialispror funding that no solution has

yet been found. br is it due to aleficiencyof craftiness, manipulation or chicanery. The
immense market size (estimated worldwidalatost ten billion dollars in 2(1), together

with thepentup demandby millions of patientswill create an immediate financial

success for therganizatiorthatfinally solves this problenA device of acceptable

accuracy, of reasonable size, and at nealsle cost, would be an instanedical and
commercial succes§&or all these reasons, hope springs eternal in the hearts of scientists,

entrepreneurs, opportunists and charlatans alike.

One of the most disturbing aspects of this field beenperennial announcements by
fledgling conpanies that the problem has been solved, and that people with diabetes will
no longer havéo stick their fingers. Without exception, these have Ipgemature and
wereme ant t o gener aiheeasmvarepesdof a company thhat is tryingo
to raise moneyand equally frequently, they raise false é&®m people who need the
produd. Theyhave a fresh audience each year, as hundreds of thousands of people are
newly diagnosed with diabetes, and each new group gradually tirespéthature
annaincemerg and develops a level of cynicism. As | will detail, no successful device
has yet been developed, and the prospects for one remain in theAntireer cause for
concern in this field is that, in all too many cases, the same technology hasdixeen

up and investigated after others have determined that it will not succeed. Because there
has been no accounting of these multiplyestigated approaches, investigators and

investors alike have no guideposts to direct them.

This book willbe of inerest primarily to those who have participated in this enduring
guestthose who seek to invest in the fietd,perhaps to those withave heard too many

false promisesabout theicoming end tdfingerstick testingd Many of the illustrations,

(andnosmala mount of the information presented

experiences angebsites of others who have preceded me in this field, most notably

he



David Mendosa, who has maintained an accurate list of participatits noninvasive

glucose fieldwvhile chronicling the history of glucose monitoring.

This bookisnotintendedsa an fiexposald bheaexpefiiehtes det
areprovided for the purpose pfoviding deeper insight into the thoughts and processes

of those who have gaged in this corner of scientific exploration and as guidance for

those who may followit is also not intended to be an encyclopedic accounting of every

technique explorell some never crossed my path, while others are simply repetitions of

those detailetiere. The breadth of those described, however, should indicate the extreme

range of investigations in this field.

| am indebted to my wife, Susan, toer expert editing and f@nduring my tormented

existence over the entirety of this pursuit, anthtoreviewers Keichi Aoyagi, David

Mendosa and Sam Perofiéne content is as accurate as memory and retrospective

researcltwill allow. There is undeniably bias, and the strong emotions arising from many
failed attempts (mine teraareetrolsgthegate) cannot be
exclusively mineSome of the stories may bring a degree of chagrin or embarrassment to

those involved; the details are included only to provide full flavor for whatpired|f

anyonedescribed here feels he has been wrongestepresentedyr insulted )

apologize, but | do not recant.

[ Aut horAdHsu ntadtneyg: t he Deceitful Turkeyo i s a s
Clemens) that describes his boyhood experience of pursuing a turkey who allows him to
repeatedhyapproacter in order to lure him away from the nestly to rush off as he

comes neailt is appended to the main text.]
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| ndducandnBackground

John Whiteheadgrandson of the founder ofeh w o fargedt@mratoryinstrument
company(Technicon Instrumenfswas visibly excited. The year was 1982, and the

picture he was holding was awristwatch s pl ayi ng ABl oodfiWbukdséet =
that be great! 0 h efordiabdetcdoehe doctaith measne bl@eod t r i p s
sugar,no more need to stick a needle in your finger to make measurements ai Tibene

only problem thepand for at leastthe ne80y ear s, was that it didnot

To understand the background and driving foareliis elusive technology, it is

necessary to understand the nature and impact of the disease that cre&ibdtés is a

conditionin whichtheb o d gafusal controbf blood sugar (glucoséd)as been Ist

Whether ttérreedtypel (previous y known -ase s éyjpaR) émidlué t

0 n s eot the)gestational diabetes that is a complication of pregnenecgnd result is

the samé glucose may be present in the bloodlia n ger ous | yycemia@wy (offthypogl
high (Ahy®peragmycretms a and without a means of
adangerouguessing game of taking pilisjecting insulin or deciding how mucland

what kind offood to eat

Since diabetes touches almost every family at some time, most people are familiar with
the longterm complications of the disease: eye damage, kidney damage, loss of feeling
in the extremities, slow healing of wounds and frequeattyputations of toes, feet or

legs andoftenmost seriously, cardiovascular dised$@atients adhere strictly to a

proper diet, exercise, medicatiandmake frequent measurements of blood glucose, they
are able to maintain their health, and indeeddIrelatively normal livesf simple,
inexpensivereliable tests were availabklaeycould make those measurements as well

and as often as required.



A Brief History of Blood Glucose Monitoring

The disease has been known since ancient times, and because high levels of blood

glucosewill also cause the kidneys to depagliicose imotheur i ne, 1t o6s sai d tnh
Chinese used to test for the diseiasancient timedy seing if ants werattracted to

sugarinap at i e n tTéssng wrindiorrglacose as a diagnosis for diabetes has been

done for over a century (before modern chemical technitps#)ga urine samplevas

even considered a valid test), but allowing pasi¢attest their urine as a means of

monitoring blood glucose is more recent. In 19h&AmesDivision of Miles

Laboratoriegthe division nameeportedlycame from that of the president, a physician

named Walter Aras Compto)y in Elkhart, Indianaintroduced a tablet based on a

standard test for certain sugargolving copper sulfate; al | ed Bene@nect 6s sol
ofthesei C| i @ i t scluld éeadded to a fewrdps of urine, and the resulting color,

from bright blue to orangesompared to a series of printeolors on the instruction sheet

and the approximate level of glucose in the uesemated

Urine testing for glucose, however, has very serious prabléhen a person first

develops diabetes, the level of glucosarine is a reasonable indicatiohexcessive

amounts in the blogdhowever because both normal and low blogldcosdevelsresult

in noglucose in urineit is never possible tassestow bloodlevels uing urine testsAs

the disease progresses over time, @opges much less reliable as a marker of high blood
glucose. Even early on, itds never an accur a
devi ces v begersdevielopleder the years, t 6 s beenmuorethan a

Aseqniant i tatived test. To get accurate value
glucose inthe bloodself, and this is done i n mdionsd¢for sé of {
times &ery day However, n order for peoplavith diabeteso maintain healthy levels of

glucose, there has always been a rfieedimple, accurate tedtiseycould perform at

home.

'Believe it or not, these tablets are still available
at least, more of theare used in commercial wineries to detect small amounts of sugar in wine than for
urine glucose testing.



In 1964, aftedevelopingmany dipstick tests for urine, Ernest AdaofisAmes developed

a practical test strip faneasuring glucose in blood named Dextrosifter dextrose,

another name for glucoskastead of using a chenail reaction to measure glucoss,
Clinitesthad adne,Dextrostix used a biochemical reaction withesnzyme called glucose
oxidase which reacted with glucose to produce hydrogen peroXide hydrogen

peroxide produced a color from another chemical dailidine, and the amount of

color on the strip after exposing it to a drop of blood was a good measure of the amount
of glucose present. At first, the amount of color was simply compared to a series of
printed colors on the label, dthe glucose concentratisrasestimated by color
comparisonThe procedure was not trivialt could be mastered by most people for

home use:

0 Freely apply a large drop of capillary or venous blood sufficient to cover entire
reagent area on printed side of strip.

0 Wait exactly 60 seconds. (Use sweep second hand or stopwatch for timing.)
0 Quickly wash off blood (in 1 or 2 seconds) with a sharp stream of water, using
a wash bottle and blot once gently on a lint-free paper towel.

0 Read result within 1 or 2 seconds after washing. Hold the strip close to the
Color Chart. Interpolate if necessary.

g
X
3
a
x

The major limitation to this approach, aside from the timing and manipulation involved,
is that visual acuity and the ability p@rceive color accurately decrease with age. And

since people with diabetes are especially prone to cataracts (darkening and solidification



of the lens irthe eye), those who most needegerform the test were least able to

perform it without assistancAs it turned out, Dextrostix were good enough that better

accuracy could be obtained by making an electronic measurement of the amount of color

on the strip, and at least three meters were developed to Boesfitst,developed at

Ames by AntorClemenswascalled the Ames Reflectance Meter A.R.M. According

to interviews withClements he was ordered wrop the project several timbsit

somehow managed to bring it to the market, thiedfirst electronic blood glucose device

could be purchased in about 1970dbout$400. Unfortunately, it had some reliability

problems, mostly fronts rechargeablelead ci d batteries, and its us

widespread.

The next electronictgp reader to appear was in about 1972, called the Eyetodenas
manufactured by a Japanese company, Kyoteidai{which later changed the company



name to ArkRay). It dso read Dextrostixbut used a plugh AC adaptefor power

instead of batteries.

In about 1979Kyoto Datichi introduced an improveDextrostixmeter with a digital

readout, called the Dextrometer

OEXTROMETER

e

BoehringeMannheim which had developed a parallel blood glucose test strip for visual

color comparison called the Chemstrip,@pt pace by introducing a meterread the

strips the AccuChek bGin about 1982An early version (that may have read an earlier

version of the strip) was developlky the BioDynamic€ompanyin Indiarapolisand

introducedas the StatTel 1974 and the company waglickly purchagd by

Boehringer.The Chemstrip bG was preferred by many over Dextrostix because the blood

could be wipeaff the strip(with a cottonballp f t er a miimsteddefd6 s cont act
washing off with waterLater version®f the metersvere calledAccu-Chekin the U.S.

and ARkefdwdrusxe as.
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West J Med. 1982 March; 136(3): 275.

Stat-Tek Glucose Analyzer for
Diabetes

QUESTION:

Is intermittent self-monitoring of blood glucose
using the Stat-Tek glucose analyzer an acceptable
practice for diabetes?

OPINION:

It is the opinion of the Advisory Panels on Gen-
eral and Family Practice, Internal Medicine, Pa-
thology and Pediatrics that home self-monitoring
of blood glucose by diabetics can be an effective
and acceptable means of stabilizing control of
some padents having insulin-dependent diabetes,
including pregnant diabetics and others for whom
strict control should be achieved. Among the fac-
tors to be considered are (1) the motivation and
reliability of the patient, (2) the need for periodic
quality control checks and (3) cost of various
home monitoring systems.

THE WESTERN JOURNAL OF MEDICINE 275

LifeScart entered the market in about 1981, with a méfest calledGlucocheckthen
GlucoScahdeveloped in Englan8dy Medistronandwith test strips developed in Japan

by the Eikercorporatio® the first productn whicht h e

'LifeScands

met er

wasnot

prece

original @ dthatpmane sesuriaaech with & @payiindallast TeXc h
making wireless monitors and diabetes managesystéms.



intended for visual comparisbrrhat product was also intendechave blood washed
off the strip, but on the night before introduction of the product at a national diabetes
meeting, it was discoveraah testing the first strips delivered by the reagent
manufacturethat the blue dye formed from glucose also veaistif the strip with the
blood! Ray Underwoodthe founding vice president of engineeriagperimented with
blotting paper he found in his hotel room and found that acceptable results could be

obtainedf the strip was blottedith just the rightamount of pressure.

Some of the early GlucoScametershad their own reliability problems, but they

sustained the company uritiwas purchased by Johnson & Johnsoh986 and

'nterestingly, Li feScanés original business plan was
other companies. The irony of this became evident when two companies began to sell strips in 1993 that
worked in LifeScandSi Oone Tobecét meperinfringed LifeScse

infringementlitigation, in which | was intimately involved, resulted in their effective removal from the
market, but not before one of the companies sold ove® #iillion worth of test strips in just a year.



introduced radically new technology 1987 with the One Touaheter and strip The
meter shown belowt left is the One Touch I, the meter on the right is the One Touch
Basic(for an ironic picture of the origin®ne Touchmeter see the chapter orear
infrared spectroscopy

The One Touch was the first of wHateScant er med fAsecond generation
meters, in that no timing, wipindlotting or washing of the blood was required. A strip
wasinsered i nto the meter, a drop of blood was
the result was displayed in 45 seconds. A second meter in this category was unique in

thatit used arfielectrochemica@ measuremer{a reaction with ycose in blood that

generated an electrical current related to the glucose concentmasim®d of the

Aphot @(@ad measuremengpproach of all the earlier ones. It was called the

Exactechwith a stripdevdoped in Englandmanufactured by MediSensand marketed

originally in the U.S. by Baxteend came in the form of a either a slim pera credit

card sized, thin plastic packadgarly versions of the device had both@ecy and

reliability problems, which hampered #arlymarket acceptance.

! One of the reasons the One Touch was so successful, in addition to its freedom from user technique
variations, was that it was the first meter to provide truly accurate measurements in the criticalddw end
glucose concentrations, where patients are in acute danger of losing consciousness from hypoglycemia.
While a glucose value of 70 mg/dl is considered normal, 60 mg/dl can mean that the patient is nearing
dangerously low levels. Most of the earlier measysystems (and many of the later ones) provided poorer
accuracy in this critical region, while the One Touch, where the meter examined every test strip before
blood was applied to it, gave accurate results even at very low levels.



Major suppliers of insulin have also shown interest over the years in both glucose
monitoring and noninvasive measurements. Eli Ligroduced a meter iabout 1988,

called the Direct 3@0. It used an electrochemical system with a membrane that
supposedly lasted for 30 days and completed a test in 30 seconds. It was withdrawn from

the market a year or two lafer

Novo Nordisk another large insulin company, acquired a number of technologies during
the 1990s to provide a system for measuring glucose, including an electrochemical meter
with a renewablesurface, where a fresh layer of electrode was exposed aftetesably

fishavingo off theinaddl surface with a built

Meters and stripeavecontinued to evolve, with test times being reduced to only a few
seconds, and blood samples as small as 0.3 microliters (Dextrsstixa drop of abou

50 microliters so the reduction iblood dropsizehas beembout a factor of 150As it

has beeffior the past twentfive years, the markeébdayis dominated by no more than
four players. Today, alaresubsidiaries of giant phaaneutical companies: LifeScan
(J&J), Rochgwho bought Boehringer Mannheiim 1998), Bayefwho acquired Milesn

'Furex devel oper ofothadiBreamaBeamship with Lilly tha
patent issued to the founder, Bob Rosenttelried an assignment to Eli Lilly.

“ There were two conflicting version$ its market withdrawal. Lilly said that it was not sufficiently

resistant to electrostatic discharges, while the original inventors claimed that the membrane was much too

robust, lasted too long, and provided a minimal income trail for Lilly.

% One of mylast activities at LifeScan before retirement was to travel to Denmark to look at the

technologies Novo Nordisk had acquired and was now preparing to abandon to focus on its core business.

LifeScan chose not to pursue them.



1979, but only changed the name in 1995), and Apbtib bought the Medense

(Exactech) brand in 1996r $876million andTheraSensa 2004for $1.2 billion All

the leading systems today are based on electrochemistry, with subtle differences in

technology of interegtrimarily to electrochemists. Meters and strips are reimbursed by

Medi care and virtual l y aéstalledimteawhelesaleandand t he
retail drugstore business, has énparatygmepl
with its meters, which are universally sold atalpssr at t he maamdif actur er

the consumable strips, which generate all the prafitsome cases, strips which cost no

morethan a few cents tmanufacturdnavesold for as mug as $1.00 each!

Consumers had long suspected that the test strips wermektrgrofitable, but it was

never openhackrowledgeaunt i | J&J initiated a policy of
products in téde( Whkemnmpeasaynpdwlpd eblsuy baby shamp
aid® Brand AdhesivBa ndage s, 0 dnsisted theprodutienmefarmed/to in

printfath e pr oduct 6 s thdiasmbuatit dost todnancfactirte thé product. One
Touchstrips appeared in these stores nationwide (J&J has over 170 companies) for about

five cents each, and the awareness of consumers of the level of profit involved was

viewed with grave concern by LifeScan. Since the strips retailed at that time fer sixty

five to seventy cents, a numberJ&J employeesveretemptednto the business oé-

selling test strips before the policy was moderated armhgany stor@rice closer to the

wholesale price was established.

Recent Trends

After about two decades of stegiurging people with type 2 diabetes to test their glucose
regularly to prevent complications, the practice has beamg#asized recently to some
extent.The combination of cost containment, where lower levels of reimbursement are

provided for diabetisupplies, together with the development of drugs which more

10



effectivelymanage glucose levéjsasresultel in some degree in reduction tefsting

across at least the typgapulation. In addition, chain drug stores have begun to promote

A p r i-labelgddélood glucose monitomma de f or t hem woaifdMl- carry t
Marto b ratdowekprices further lowering sales and margins for the established

suppliers. Whe glucose monitors and strips were once a very profitaldenbss
(LifeScands profit margin among Johnson & Jo
the pharmaceutical operations in the glory days of the 1990s), the market contraction

since about 2005 has resulted in less research, reduced sales forces anctnsare int

price competition among the established companies. While it is possible that this trend

will also reduce the emphasis on a noninvasive monitoring sojukiere is no indication

of a slowdown among inventotiy/ing to provide novel approachesdolve the problem,

even ifthe big players appear to be recently less receptive to ideas presented by these
inventors.lt is likely that this will combine with the increased negative experience of

these companies to make it even harder for new ideas to gguarsand fundinghere

andto reduce the likelihood that a big company wddvilling to acquirea promising

startup company.

! These include GLR agonistdike Byettaor the longawaited Bydureorboth from Amylin
PharmaceuticaJsand Victozarom Novo Nordisk

11



Why is Noninvasive Such a Big Deal?

Everyone has had an experieno®st of them unpleasant, involving sharp objects and
blood® Before home blood glucose testing became common, the only lancing device
available was a sharp piece of stamped steel that made a painful and fairly deep cut in the

fingertip.

In parallel wth the development of blood glucose meters, lancing deaisesevolved

Both small, disposable units and reusabl e fp
commercially available, and these had the added advathiaigde sharpointwas

hidden from view. They were alspringloaded sopushing a button replacedn eodrs

i s t a bnoiiontigabwas previouslyequired to pierce the skimAnother atempted

1| have never been a fafilmeedles, and the first day | went to work in 1962 at what was then the Pitman

Moore Division of Dow Chemical Companivhich made human and veterinary pharmaceuticals), the

company nurse dug around in nmyrelooking for a vein until | passed out. For a long time after that, | was

reluctant to have blood drawn or have an injection for anything, so | was less than enthusiastic when

PitmanMooreb egan t o eye the burgeoni ngosmairckoe)t rfeoarg ecnltisn. i cTahl
product requested was a solution of copper suftatase by the Red Cross blood donation sites. When a

drop of blood is gently placed into a delgipe copper sulfate solution of jusie right concentration, if the

pati ent 6 sis ltigh emougH, ibwillibeheavier than the solution and sink to the bottom (copper in

the solution reacts with proteins in td¢aeflodibrood to for
sink without dispersing). I ma cbguest tiakl stiskarly finger.on, but r €
Because | was never able to do it, the carefpibpared flask of copper sulfate sat on a bench top in my

laboratory until after | degorted in 1965.

°The first one | used ®wwhish uded & se@ecspringdtsbotb dirécgtiepant Penl et
toward the skin and return it after penetration. While it seemed like a good idea for low cost and ease of
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Ai mprovement 0 | rbaskdadavice oniginallwdegelo@ed ih Rassiedr
marketed here by Cell Robotjdsut it was quite bulkymade a loud noise when usat
did not gain widespread acceptarice.

Modern lancing devices have improved further, and most now feature adjustments to

control depth of pegtration of the needle (stoneworkers will need a deeper puncture to

find blood than people who dondt dwor k wi th t
sharperandrecentdevich ave been approved, fobtaining al t er nat €
blood fromthe forearm, upper arm, back of the haheyh or calf); but askthosewho

testtheir blood glucoseandmanywill saythat it still sometimesurtsand can cause

bruising.Add the natural dislike of needl&sthe actual pain proded,to the social

unacceptability ofiroplets of blood and bloody test strips and meg@mdconcerns about

bloodborne diseasesa n d i t Qsdergamdwhy peaple have long looked for a

measurement that doesndét involve bl ood.
Inthe bloodglucos moni toring industry, i1t is wel/l ac
terms that drive peoplebs willinflgeness to tes

comfort (pain) advantage of a noninvasive technology is easily stodel; and since

very few proposed noninvasive approachesd a test strip that is consumed every time a
test is performed, there should be a clear cost advantage to both customers and insurance
companieslike. The cost of meters, however, woulwst likely increase with a

successful noninvasive approdécthe projected cost for common noninvasive

approaches varies from several hundred to several thousand tiGitarsenience

manufacturgthere was an unexpected consequence of the single spring: the lancet oscillated back and forth
after firing, causing the sharp point to penetrate the skin several times before the motion finally stopped. |
had seen this in my own finger (multiple tinytgin the tissue could be seen under a microscope after
lancing with the device), and had to prove it to skeptical engineers by moving the device rapidly across a
pad of writing paper as it was fired. When the top sheet of paper from the pad was hetieuptd,

multiple holes from the needle tracing the path of movement were clearly visible.

! In addition, one of my colleagues from LifeScan says he will never forget the smell of burning flesh and
discomfort that accompanied its use.

2 Most medical isurers, including Medicar@mow reimburse patients for the cost of meters and test strips
(with different reimbursement levels for type 1 and type 2 diabetes), but many patients have to make the
initial cash outlay and then apply for reimbement. Large HMS§) like Kaiser Permanentbuy the test

strips in large quantities at substantial discount, and provide them to patients for a mirgaghet.
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includes such issues as how long a test takes, how obtrusive or visible tteguepisar
and whether a visible drop of blood is required to perform theTtest.issue is more
subjective and deals with the comfort level people l@barittesting in public, letting
everyone know they have diabetes, and concerns about the sightdf bloo

LifeScard attitude toward noninvasive measurements iwiiglly motivated by

appropriate, if not entirely noble reasdfEh e companyoés growth had
powefful technological breakthrougthe OneTouch strip and meteandthey figured

that noninvasiveneasuremestwould be the next barrier to fall. As a resthigy

aggressively pursued every opportunity, withrile that anyone picking up a
technologytheyabandoned would need ¢pend at least ten times what they invested

to bring it to reality. As the aadidates fell awapne after the other, and the same

technologies were recycled by ngwoups who did not know why an approdd failed

b €

befor e, LifeScan began to adopt an attitude

mightbe a real opportunity, and it would certainly grthe market for us if we got ibut
for sure, if one of the other compangets it, it will devastate our business. Second, we

have a very good, very profitabl akethaisi ness,

same kind of money without a trail of consumatelgts t r iThe sameperspective
evolved over years, probably in all the major compami¢smore of a defensive
posturdeonditWet hi nk anyone will ever wmake it

all the groups are doing, just in case. o0

Naturally, there was suspicion on the part of the small companies struggling to develop
the technologies that an outfit like J&J might buy up a successful device, and simply put
it on the shelf to preventftom destroying theery profitablebusiness they had built.

This concern was heightened because no big company will ever sign an agreement that
requires them to market a successful technology coming from a collaboration or

acquisitio®d they mightindeedjudge that thelamageo their bottom linemight bemore

! Since | was on the Management Board of the comframy the launch of the One Touch until 1998, |

w

participated in the discussionsand decisiba k i ng regarding LifeScands attempt

technologies.
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thanthe help b customergor, they might succeed witiwo technologies and need to
market the better one and shelve the othiar)date, all of this is for naught, since no

noninvasive device has yetade a successful market entry.

The dream, however, of most of the inventors and startup companies, is to prove that
their technology works well enough to be acquired by one of the big companies, who
would then take it to the market, making the foundezalthy. As mentioned, the
prospects for this scenamoayhave dimmed in recent years.

Noninvasive Glucose: Background and Definitions

As home blood glucose monitoring became more conmiage from the early 1980s

through theearly21% century, there was still resistance to its acceptance by many people,

largely for the reason that, no matter how fast the test or how small the bloothdrep,

was no way to obtain a sample other tt@mstick a needlesharp lancing device into part

of the body to geblood. For all but a few, this causes pain, fear, apprehension, revulsion

or other negative emotions, and many peopl e
scientist who spent dedas workng for a blood glucose compangnducting cliniel

trials, includingevaluatinga variety of lancing devices. As he approached retirement, he

was diagnosed wittype 2 diabetes. He is on a strict diedligiouslytakeshis blood

glucose loweringnedication, but wilhot stick hisfinger to perform a blood glucose test.

Consideringhe romanticmnotionof devi c es MdadikaElricBrdeawithil®Br e k 6 s
diagnostic scanner wand that instantly detected and repadegtténg that was wrong

with a damagedrewmanor alien together with the dramatiecentadvances in scanning

and noninvasive medical therapies, itds easy
that, by now, theydd be abl eedtodrannbtbads ur e bl oo
The reason they canét is that this has turne
recalcitrant, obtreperousind devious problems thiadschallenged science and

engineering
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With the increase in television advertisingdmyme ofthe mgor players in the field,

many people who do not use the devices mistakenly believithéhptoblem has been

solved. Inan attempt to make the devices appear more attractive in the ads, no customer
is ever shown lancing a finger to obtain the drop of déhlanstead, the meter is merely
shown counting down and displaying a glucose result. B.B. &migPatti LaBellestill

have to stick theifingers (or forearns) every time they usa LifeScanOne Touch Ultra

metet

Before | aunching into the history of noninva
classification of the various technologies. There are quite a few oleare

categorizations can be made, some where the similarity isesshitlined, and some that

just fit no category at all. The technical descriptions will be beyond the understanding

and outside the interest edme but theyareincluded to provide the right backdrop for

the way various attacks were mounted, and why thiésd. Readers wha o tredjoy

technology shouldkim the next fewtechnical sectiosito get tothe adventurgand story

telling that follow!

Also, we need to stop here for a little definition and clarification, to understand what will,
and what will no, be described. There have been a large number of attempts to extend
traditional invasive monitoring intthhe most minimally invasitechnologies imaginable.
Where the attempts have masqueraded as true noninvadin@tees, iey will be

coveredfor completeness. Where researchers have pursued the many implantable

sensors, coated wires, and enzycoeered skin piercing devices, those approactiés

! During my tenure at Technicon Instrumefrisw part of SiemensBaker Instrumentéow disappeared

in a series of acquisitions by Serono, Amershard,likely others), LifeScan, a total of y2ars of

consulting for many companies in the area, and my final stint at Fovigptiesty-nineyears in all), |

estimate that | evaluategell overone hundred technologies intended to yield noaéinxe glucose results.
Grantedthere were not nearly as mamgiquetechnological approaches to solving the problem, tareth

werethat many researchers, academics, scientists, engineers, physicians, startup companies, crackpots and

charlatans wheooka t i It at this windmill over the same period
generous to those who tried their best,ibut 6 slwayspdssible to be as kind to some whose motives

were not as pure. This is of necessity a highly persc
this arena, and itoés i mpossi bl eughaninbreasinglgimperfecto al | . Al

memory, and colored by the strong emotions that inevitably accompany any titanic struggle.
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be excluded fronthis discussion. This is not meant as a slight, but as ampitt® place

emphasis and scope properly on truly noninvasive approaches.

To be clear about the definition, while insertion abatedwire under the skin may be
minimally invasive, and while it can give continuoglscosereadngs, it cannot be
classfied asnoninvasive.A recurrent technological theme that inevitably goes by the
code name f maesally tinyrneedlege.g.WMoleaular Devices, Kumetrix,
Rosedalenowrenamed Intuity Medicaland promoting a different approach to blood
glucosedeterminatiopare inserted into the skin to withdramallsamples of blood or
interstitial fluid, can similarly nbbe classified as noninvasive, and will not be addressed

here.

It is also important to distinguish between monitors that can providencouns readings,
and those whergsomepatient activity is necessary to perform a test. While some
noninvasive approaches seek to perform continuous measurgnenmsostall the
fwristwatcho designs that will be describéater), many are too large to wear or would
require some preparatiam the part of the patierthose arausually referred to as

A epi &(oodri ciii notheonitors. A lotefrpéss has been generated in recentsyea
by companies such as AbbofiheraSensé, Medtronic(originally MiniMed) and
DexCon’ for continuous deviceshere the sensor isplanted in the skin. The
advantage of this approach is that, like a wwath it could be hooked to an insulin
pumpto achievethelong ought @ ar tod & dedide that sepsasrbloade a s
glucose and administers the amount of insulin necessary for noontabl.

! For example, | first met George Wils@recently at the University of Kansas) in graduate school at the
University of lllinois in the late 1960s. | most recently saw his implantable cesitedcontinuoussensing

glucose technology at the iSerGerporation of Portland, OR in 2004, and | commend him for the decades

of dedication, perseverance, aadacity that it took to get the technology to that point.

2 As of 2011, no other continuous systems have been introduced, and it appears that the Abbott system is no
longer being supported.

% This was the list of companies involved in continuous momipin 2006. Since then no new companies

have joined the list, and Abbott appears to have given up on its continuous monitor.
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To date, the continuousplantablesensors have had their own set of problems, and none

is yet reliable enough to connecttoapump f or m-loapoiehyes ecth t hat cou
function as an artificial pancrea#\s describedmder the section on fArep
mol ecul es, 0 anything inserted into the body
reaction (this is achievedobymatemisalrs)twinlgl i
quickly coated with a layer gfrotein. As the protein layer builds up, it can gradually

reduce the amount of glucose the sensor fisee
actual glucose level. At best, tlaffectlimits a sensor to three to five days in tissue, and

at worst, can redre that the sensor be recalibrated at frequent intervals with a fingerstick

meter Also, there is frequently a period of time after a sensor is inserted, while the

bodyodés equilibrium settles back down, before
Thistime varies from one design to another, and possibly from one patient to another.

Once the response has stabilized, most of these devices have also shown periods of time

when no valid results ar e Thesemsdopetatesd, usuall'y
properlywherb at hed i n the fluid betwepeihihecel | s (cal
comes intdirm contact with tissue, due to movement or postural changes, access to

interstitial fluid can be restricted or cut off. Whéasthappens, the sensor might report

very low or everzero values for glucose, and generate a false dtarhypoglycemia.

The convenience of continuous measurements (especially at night, when hypoglycemic

episodes are usually not deti#ble by the patient) is significant, hutlessa person is

subject to these rapid swings, the cost of sensors and the need to replace them frequently

has, to some exterimitedacceptance and continued use. Also, as patients have reported
intrials,t may be At oo dmostrinoi gludoservanations domat need
attention, and as one patient remarked, Al tao

youdre twenty OJdpeovuenrdys foivveer wreiinguhtte s! 0

! The MiniMed Paradignmsulin pump and continuous glucose monitor received FDA approval, but is an

Afoplemopd system, where the glucose values do not dete
insulin pump system, which has an integr dtoeodp .0l ood gl
2 A number of patent applications have appeared, priyraoim the three named companies, where

mat hemati cal algorithms have been devised to replace

glucose values.
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As the first edition of this book wasihg writtenin 2006 many of the existing

companies were in the process of changing strategy to pursue a new marketplace: post

surgical or postraumatic monitoring in critical care units of hospitals. A practice that

had been in place for many years, &and own wi del y as ©®hgainRedt | an
traction in about 2004. It indicated that patients, even those without diabetes, experience

wide swings in glucose levels after serious damage to theftmdytrauma or surgery

andthat recovery rates could be improved (and most important to the insurers, hospital

stays could be reduced) if patientsd glucose
following companiedegandirecting at least part of their efforts in this directiofien

abandoning noninvasive monitoring for invasive techniques where a sensor (or a catheter

inserted into a vein) is changed frequently: Luminous Medical (spun off from InLight

Solutions), OptiScan, Glumetric&lucon and Sontra. Oféke, Luminous Medicand

Gluconare no longer in operation, and some of the survivors have diverted their efforts

toward a product for the European market, where regulatory hurdles are lower. This is

partly becauséhere have been reports of increasing riskatensive care unpatients,

including increased death rates, when blood glucose is aggressively controlled, and also

partly because of increased restrictions placed on the approval of these systems by the

FDA.

Techniques such as blister formation, abrasiotme skinto cause fluid leakagend the

like will alsonotbe coveredn these page@vith the exceptionchifi mi cr opor at i on
technique from SpectRkat generated lot of interest)A closely related technology,

reverse iontophoresiwill be describedyecause itouldhave been noninvasive, and

created by far the greatest regulatory stir patient awareness afy techniquevith the

possible exception of th#&reat Biocontrol Fiasan(see below

Another problem is that, veth is noninvasive to one perssnnvasive to another.
Consider, for example, a frequenpiyrsued approach: place a small amount of a
compound whose (pick ei color, intensity, or fluorescence changes with the amount of

glucose in its arepst under the skinf it worked, the detection could be done
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noninvasively, but the act of inserting the compound issnvav e, whet her it ds t
surgical implantai on. We 61 | ¢ o v eouterbotundarylimtasivenesss mar k s
for technologies we will considéBy way of a definition, then, noninvasive blood

glucose monitoringhould be limited to a technique whiproduces no pain or

discomfort to perform the test, involves no blood or other body @ibtdined by piercing

the skin(more on this later), and does metjuire orcause any tissue damage, injury, or

deterioration.

As mentioned, should someone sucktegh a truly noninvasive glucose measurement,
the payoff would be immense. Partly for that reason, almost every known analytical or
physical measurement technique that could be used to infer the concentration of a
substance has been applied to thteden of glucose. In additigrhowever, there seems
to be an unnatural attraction for the obscure, esoteric or unusual agz&attter in the
specific, as described below, or in the general, the lesskkn@in a technique is, the
more likely it seems twind up being applied to the perpetual search for a valid glucose
measurementhis has led t@verything fromdescriptions of technologies that the
presenter cl e a tdexpladatiodsthatb onacouttl eversuhderstaihd, to
clear attempt$o obfuscate and confudéven thougthere have beeonly a fewserious
repercussions from illegal activity connecteddgulatory compliance dundraising the
marketplaceeventuallyeliminates those with nothing real to offer.

There is another, sliglytperverse driving force that keeps companies gwirsgarch of
t he A Ho pagtth&poiatiwheee their technological possibilities have been
exhausted. Venture capitaliste a strange brednd are motivatedquallyby receiving

'Not?dit is devilishly hard to organize thwrkpresentatio
Where only initial investigations have beenreported, a t echni que only popped up o
company or group nanie the preliminary discussion of the technology. Where a technology has been

multiply investigated, or has beenthe ®ubsjt of controver sy, I 61l give more ¢

2 My favorite joke about venture capitalists features one of the breed who died and was confronted by Saint
Peter shaking his head at t he peanwehavgaduaassysteim You pr ot

in heaven, and wedre currently at our Ilimit for vent:
below. d, the newcomer waist tted di.n Wesntpd ru sssaewd ,a nt hep pdratr g
anopeningbygetig someone to | eave, can | have his space?0d S
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large returns on their investments, both for themselves and the limited partners who
invest in their fundsand by their reputatie@among their peerand investorsor

selecting the most promising new investment aréagy are cautious, hegitaand
unwilling to enter uncharted territadyunless another one has just ventured there. If a
prominent firm makes an investment in an area, atbercompanies with aspirations in
the same area receive an unexpected boadkseir fortunes as many othewvestors
attempt to jump otthe bandwagon. An unfortunate comparison withféitdedbehavior

of lemmings is common.

The other aspect of the strange behavior of this subspecies is that once they have

invested, they are quite unwilling to admit a mistakme] will provide encouragement for

the investigators to continue the pursuit even when the probability of success has

pl ummet ed. AHas the opportunity changed?0 th
replies that it hasn@pton theyiyddl! o offt emamsyyc d
continue to make follovon investments in a company to continue the pursuit, in hopes

that they may eventually succeed by either developing a prdmust]ling the company

to ore of the giants in the industryr by an initial public offering (IPO) of stock, where

they can transfer their lossesnewshareholders.

Resources

There are lots of sources, especially onltiternet where noninvasive devices are
described Unfortunatelymost of these are not actively maintained and list outdated

descriptions of prototypes or press releases from years past. One thaisieotns

the VC asked to use the Heavenly Microphone to address the angels. In a booming voice, he called out,

AThe cure for cancer has just dbdfelHeldli scoivmmedi anel he
VCs began running down the stairway in pursuit of a great new investment opportunity. As the last one

passed, the new arrival fell in line and pursued them down the stairs. Saint Peter grabbed his arm, asking

AWheryoarg@oing? | thought you wanted to create a pl ac
| saw people from Kleiner Perkins, MedVenture, and InterWest Partners going by, | decided there might be
somet hing to it!o

! As of 2011, searching the YouTube deo site for fAnoninvasive glucoseod \
demonstrations of proposed noninvasive glucose monitors.
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updated and accuratatyaintained is Mendosa on Meters
(http://Iwww.mendosa.com/metehtn), part of a comprehensive set of websites put
together by David Mendosa freelance writer and consultant. David has type 2 diabetes,
but makesno pretense of being a technical expert, and lists what the companies have

statecthey are doing, or hope to do.

There are two othegoodsources of information that require subscriptions. The first is

Cl os e Cdttpdvewwclgséconcerns.com/ news |l etter @G Di abetes (
($795/year) written by Kelly Closea financial analyst and consultant to the healthcare

industry, who also has type 1 diabefBse other is The Diabetic Invest®750 for one

year) written by David KiIiff (http://www.diabeticinvestor.cory)/a money manager and

investment advisor, who was diagnosed with type 2 diabetes in D894 has followed

the history of noninvasive monitoring and writes wateBkeptical eye towartlaims made

by the companies participating in this market area.

There areseverapublicationsthat attempt to inform people about progress in

noninvasive testing, but most have a poor track record for accurate or timely reporting. It

is recommended that any report in either the popular press or diabetes magazines be

viewed withcaution since moshave been written following either an ovedgthusiastic

press release, or an interview with a researcher excited by the early promising results of a

new techniqueSimilarly, since a search ofthe Youdes i t e f or fAnoninvasive
will yield a number of video demonstrations of supposedly working systems, these also

need to viewed with skepticism.

A book was published in 201 Vivo Glucose Sensir{@hemical Analysis: A Series of
Monographs on Analytal Chemistry and Its Applications®dited by David
Cunninghanof Abbott and Julie Strenkesf the University of Arkansas, which has
thorough descriptions of many of the problems involved in developingrubarelling

! He has also generously hosted the electronic version of thisamolok websitdor over five years and
has referred numerous inquiigbout companies and technologiesne.
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and noninvasive glucose sensor s. 't has

body responseodo to mat/Anotherabbok, publisheedin 20@hdt | nt o

focuses on one specific technigad opics in Fluorescence SpgruscopyVolume 11
Glucose Sensindy Chris D. Geddes and Joseph R. Lakowicz, both at the University of
Maryland.

Scientific publications about noninvasive glucose measurements appear in a diverse array
of journals, bubne that focuses on themJigurnal of Diabetes Science and Technology,
published by th®iabetes Technology Society, foundad2001 by David C. Klonoff,

MD, Clinical Professor of Medicine at University of California, San Francisco. The

society also sposs an annual conference in San Francisco each October to November,
where many of the potential noninvasive technologies are presented. It is often referred to

as t bneofifKIConf erence. 0

Know the Enemy

Anyone who hasad his oxygen saturationonitored by a fingertip sensor, and seen how
easi | ye, dan idaginedasimilar deviptaced on the finger, which reads and
transmitsa signaffor glucoseto a waiting computerraaumeric displayAh, but the
differences between the two measurements, and the two compounds responsible for

them Oxygen saturation is measured by the ratithefamount ohemoglobin that has

oxygen attached to the amount that doesnoét

oxyhemoglobirand deoxyhemoglob)nand here, the two compounds are of visibly

t

e
h

differentc ol or s: bl ui sh fAdeoxy awhenafevomoeaulesohe br i gh

oxygen ar e at tanlgdompdund inkhe dhgdyviith & §treng blde er red
color. Not only that, but hemoglobin livedmostexclusively inside red blood cellall of
which conveniently travel inside blood vessels in wifinedpaths througlthe body,

and which are subjetd pulsatileflow each time théeartbeats making them easier to
detect To make the measuremesneneasier the blood of healthy humans contains
something like 14% hemogloldnthat is, each 100 milliliters of blood contains fourteen

gramsof hemoglobin.
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What abouglucose? For such an important molecule, it has the most nondescript
characteristis imaginable. First of all, glucosgolorlesd not just in the visibleegion
where we seeators, but even if we had nemfrared vision, it would hardly have
enough ctor to seeWhile it travels in the blood, and changes in concentration are
del i vered by tdseprebehtin@lbtissuan easying amaouhtsnside

and outside cellas well as blood vesselnd in concentrationshich vary from part to
part,anddepending otboth insulin levels anbow long it has beesince a major change
occurred The amount? The same 100 milliliters of blood that held 14 grams of
hemoglobin normally holds only.1 gram (100 milligramsr a concentration of 100
milligrams per deciliterusually abbreviated mg/jlof almost hvisible glucoseand,

when the measurement is most critigalhypoglycemig, as the brain begins to shut
down and the body goes into shock, the amigs only half that muchAn astounding
statistic about the amount of glucose circulating in the blood is that it is roughly the same
amount as the sugar in a pacistd to sweeten a cup of coffee (100 mg/dl in 5 liters of

bloodd 50 db is just 5 gramsoglucoseor one teaspoonfll

For the chemically curioushé chemical formukand structures belovepresent

increasingly accuratepresentationsf the glucose molecule.

0. _H
o
CH,-OH
H—{—OH . By HCH,-0H
1 H o
. - HO H | e
(“()'Hl 7(,)6 BH H\C HO \
= H——O0H I HO - C"’H
H——OH OH OH H OH |
Y OH H OH
CH,OH

The chemical structuref glucose (and thus isppearance whenewedin many regions
of light) is very similar to mangther compounds that are present throughout the body.
All the compounds that result from the normal metabolism of glucose are similar, as are

many ofthe intermediates of tH@ochemical reaction€Even worse, glucose is attached

' In many other countries, glucose concentrations are given in milligraM) units. One millimolar is
euglivalent to 18 mg/dl, and a normal value of 100 mg/dl is about 5.5 mM.
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to almost all the proteins of the body (it is this fondness for proteins that causes many of

the complications of di alwaentrobed). Abbbmenwhidnl ood gl u
makes up about 4% of blood serum, and hemoglobin, which is 14% of blood, both have

glucose attachedferi g | y c 008 tp hbaut 5%dof their moleculessh en a per sonds
glucose is in th@ormal rangeand a similar amount of attachment exists for most

proteins. The result #d ktelba tmotl reecrud easr @ na elvet
body, and fo most spectroscopic techniqubsy produce overlapping signagsit is

very hardto tell them all apart. This will be an important consideration when we discuss

nearinfrared spectroscopy and the difficulty in establishing a calibration using it.

Noninvasive glucose measurements have been attempted by an igatediiserange

of technologiesindeed, it seems that almost every techneperused for analysis has
been tried at one time or anoth€his chapter willaterattempt to categorize them
according to the technological approach used. This is an imprecise pursuit simeatdiffe
groups use differdrierms for the same technologgdonly a fewof these are

sufficiently welldeveloped to have standard terminology or nomenclabutehe

imperfection of the result should not prevent the attempt

! Glycosylated Bmoglobin often referredtoas HbA1 ( or just AA1CO0) is measured t
long-term glucose control. It averages the blood glucose values over two to three months and is an accurate

predictor of future comptiations. It is expressed as the percentage of hemoglobin with glucose attached to

the total amount of hemoglobin, and a value over 7 percent is generally considered suggestive of diabetes,

or at least indicative of poor glucose control.
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A Few Notes Abou Regulations

When the first meters were introduced, there were very few regulagiodshey were

sold directly by the manufacturers, through
1976,the Medical Deice Amendments were passed bgn@ress, and devices developed

after that date fell into two categories regulated by the Federal Food and Drug

Administration!Fi r st, those that could demonstrate f
onthemarr ket before 1976 would be appprooecassunde
known asoin@ab@(kpould be released as soon as ¢
and obtaining clearance. For determinatoh e qui val ence, a fApredica
selected (which may not have been on the market before 1976, but was approved as
equivalent to one that -whsjnadbowveg dawniycds
Inthe FDAOs wor ds:

A device is SE [substantially equivalentf in comparison to a predicate device
it:

i has the same intended use as the predicate device; and
i has the same technological characteristics as the predicate device; or
i has different technological characteristics, that do not raise new

guestions of safety and effectiveness, and the sponsor demonstrates that the
device is as safe and effective as the legally marketed device.

Devices that do not meet this requirement fall into a much more stringently regulated
category, requiring A pr e mar & e b r aTRiPadmovad process requires much
more strict quality procedures, submission of many more documents, and generally over
a year to complete. Ordinary blood glucose meters fall undés1(k) notification, but

a few years back, after several abuses and false starGl{®esvatch Biocontrol and

Futrex below,

! These two groupgenerally correspond to what are termed Class Il and Class Ill devices. There is also a
Class | category, such as bandages, examination gloves, antididrairgical instruments, which is
generally exempt from the approval process and good manufactuaicticp requirements.
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METALLIC -TRACTORS .

Metallie Tractors—Dr. Elisha Perkins’ patent metallic tractors, consisting of two rods of brass and iron, were about three
inches long and were the earliest recorded fraudulent medical device marketed in the United States. Perking” tractors were
sold o cure dissases by eliminating them from the body. Even George Washington is reported to have purchased a set for
his family. By the tum of the 19th century, however, they had been exposed as a fraud. Print courtesy of FDA Histary Office.

for examples), the FDA decided that all noninvasive blood glucose meters would be

handled via the PMA procedurein a 2M2 publication, Dr. Steve Gutmabirector,

Office of In Vitro Diagnostic Device Evaluatidor the FDAwr ot e A FDA consi der
noninvasive and minimally invasive glucose devices that are intended to measure,

monitor, or predict blood gtose levels in diabeticstobe high s k medi cal devi c
thus qualifying them not only under PMA, but also as frigk devices which fall under

the Investigational DeviceegulationyIDE), as described below:

!AsDr.Jean Cooper an FDA division di-lrREd oirnftor Ma tmeo Mallr i mege tai |
with them in i ngton, D.C. in 2005 for a noninvasi
welcometoapl y for a 510(k) status for your device, and we
you finally apply for the PMA. O



Many /in vitro diagnostic (IVD) devices are exempt from the IDE regulations. Under
section §812.2(c) of the IDE regulation, studies exempt from the IDE regulation include
diagnostic devices if the testing:

is noninvasive;

does not require an invasive sampling procedure that presents significant risk;
does not by design or intention introduce energy into a subject; and

is not used as a diagnostic procedure without confirmation by another medically
established diagnostic product or procedure;

el

The PMA process regres more thorough prdinical and clinical testing, and the IDE

requirements place additional burdens on investigators to determine that their device is

safe to use. The pivotal itemisnumbéri nt r oduce en@dragwillbe nt o a s
seen below the vast majoribf noninvasive technologies dand thus have to be

carefully evaluated for safety. In order to test on volunteer subjects, the testing protocol

must be reviewed by an approved medical body known as an Institutional Review Board
orIRB.Thi s group al so evaloudtoean tttheti ipmaftd remdad ¢
and sign before volunteering, so that all potential risks from the device are known to

them. Largely becaugeeople with diabetes are so eager to adopt a noninvasive device,

finding volunteers to test them is usually not a problem. And while the volunteers agree

to keep the details of the device confidential, very few do, and this is one of the most

common wayshat information is transferred among companies in this field. This

practicewould, of course, be much more meaningful if anyone were to succeed in this

pursuit, but for thenore tharthirty years that the chase has continued, participating

companies havactively soughbut volunteers from each otléestudies to learn as much

as they canysuallyto no advantage other than knowing no one else isdineet path to

Success.

Each institution with an IRB also assigns a member of its medical staff to Perbgpal

Investigator and t hat personds responsibility i1s t
provide communication back to the institution. Most are honest professionals who respect

the confi dent i ainfortnationcdtithete bre a fenoasaraah they
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know to anyone who will listen, primarily for sedfjgrandizement. The word usually
spreads about which investigators should not be trusted with confidential information, at
least during thearlystages before patent applications have been filed to protect the

companyo6s intellectual property secrets.

The 510(k) and especially the PMA approval process place requirements on the design,
development and manufacturing of a device that are quite complexedhired quality

systems, with reams of paperwork for policies, procedures and #eeepihg, place a

heavy burden on a small organization, and requigeoverheadexpense the areaof

guality assurance and regulatory compliance personnel. Asilh, rghere a creative

group can rapidly invent and develop a consumer electronic product in a relatively short

time, any company that intends to participate in this pursuit needs substantially better

funding at the outset. There is always a judgmentiatived in deciding where

Aresearchodo ends and product devel opment begi
invol ved, because the FDA has ocoadeptdesd ttoh d aavp
a complete record of how it was designdeveloped and tested. For this reason, early
versions of a device aa eorofitbneraeadfeosnrahd t o a
versions, thus awoirdiong ntthd ursoe eofcetriteaifp y
esablished.

Very early in the process, however, it is necessary to institute a series of procedures
call ed Ade®i gvhi € & n tgo e lstsmigandtevakeatiah recedymsd t e
establish the basis for the comprehensivality procedures to follow. Entrepreneurs

coming into this field from other areas are often caught unaware of the breadth and depth
of these requirements and have difficulties accepting the level of overhead and
bureaucracy they place on a small orgaimonat_ong before true clinical success is
demonstrated, companies also need to plan for manufacturing in aafpéved

facility, and this addadditionalburdens and costs.
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Patents

Since patenthave played large part in the pursuit of noninvasive glucose monitoring,
and since they are public documents that contain a wealth of information (together with
the occasional whiff of fiction), throughout this book the patent numbers of iss8ed
patents or of polishedU.S.applications will be listed to which the interested reader can
refer for more details. Once the property of a centralized paper collection in Washington,
D.C., both patents and published applications are now available on pages under the
websie http://www.uspto.ggv. and t he search engine AGoogl e
display most of those in the U.S. patent systeiuding many published patent
applicationsThose unfamiliar with the arcane language and style of patents may find
them hard tslog through, but in many cases merely reading the abstracts will give a fair
idea of the material they contdin.

As far ascan be determined from tipatents records, it all began on November 25, 1974,

when Dr. Wayne Front Maréliiled an application that eventually becabis. Patent

3,958,560. Amazingly, on the same day, Robert S. Quéedita patent application for

determination of glucose by almost exactly the same method: rotation of plane dolarize

light by glucose in the aqueous hunaof t he eye! Marchoés patent i
1976,whi e Quandt 6s 1976 add.®.Patent 3,968,0f¢ 15 ,

I'n European and Patent Cooperation Treaty (APCTO) p:
application, while the sameu mber wi th a ABO means it is an issued p:
(which were first published with a change in patent law in 2001) have a different numbering system,

consisting of the year of publication followed by a sedégit sequential numisethen A1. When a U.S.

patent issues, it is given a new sexdigit patent number, followed by B1.

2 Dr. March also holds the unquestioned record for longevity of investigation in this field. His latest U.S.

patent, number,653424fiApparatus for measuny blood glucose concentration® i ssued on January 26,
also describes making a glucose measurement in the aqueous humor.

% The approach to making the measurement was quite different, but someday | hope to understand this

coincidence of patent fiig dates.
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Worldwide Noninvasive Patents
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These were two of only 6 patents in the field that appeared worldetdeen 1975 and
1980. As the graph shows, the increase in patents is a remarkably straight line when
plotted on a logarithmic scale! The increase in volume is an order of magnitude for each

decade that has passed since 1975.

However, either due to thlgeneral slowdown in the economy, or because of the feeling,
falsely attributed to Charles H. Duell, Commissioner of the U.S. Patent Office in 1889,

! This is the result of a series of searches for all patents and patent applications issued worldwide under a

pair of search criteria: #fgl uceisneva(sande). on ofnhienrvea swiivido
duplications, and manypate¢ s t hat dondét pertain to noninvasive gl u
dramatically. U.S. patents make up about 80% of the worldwide list.
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thath Ever yt hing that can & therumber paterdsbotth as b e e n
applied forangyraned f or fAnoni nvasive glucoseo has decl

years, with much lower numbers since 2005.

It Aindét Necessarily So

Those who are not familiar with patents often expect that if something hageckeaei

patent, it must work. The onlydal requirements for patenting are that the itveenbe

useful, nonobviouandnovedt her eds no r awalyworkBeeanseat hat it
patent gives the inventor a monopoly for fifteen to twenty years in exchange for

At eachingod t hetowwakbaisimadeay ham eidbsv emattbkequi r e ment
di scl osur ed0 bteh diteshcadiain enotgh informationatow a person of

ordinary skill in the art to reproduce the invention without undue experimentation.

Invention (in a patent se@sat least in this countyys more a matter of conception of an

idea, and if filinga patent applicatiors delayed until allthekirtk ar e wor ked out,

possiblethat someoa else could obtain rights to the inventmnfiling an application

immediae | y after havi ng cdrthirgynofipodsible to categorioayn t . I t 0s
state that no noninvasive patgetfiled will ever yield a commercially successful

device, but it is true that none has yet, so
publi shed applications with a | arge grain of

be ownediy a new invento(because someone else already owns the rights to it), rather
than what will actuallyworkOnce t he patent fAmononmtiday 6 expir

passes into the public domain and may be used by anyone.

This situation introduces another complication for the first person who develops a
successful noninvasive monitavith so many issued patents, and the complexity of
many of the technologs involved, it is likely that the winner would be greeted with a

flurry of patent infringement lawsuits, as the unsuccessful look to cash in on his success.

! This turns out to be a lorstanding urban legend. Duell never said anything of the kind.
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For this reason, the first to succeed will need to have substasimairces to defend the
prodwct and might be driven into a relationship with one of the large companies with

Adeep qhatcdnaffors the legal expenses that could ensue.
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Measurement Techniques

Spectroscojc Technigues
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General: Spectroscopic techniques are used to determine the presence or concentration

of a substance by measuring how it interacts with light. When light is absarpasising

through amaterial, the amount of depletion of the light is measured and termed
Afabsorbatkis is the inverse of the amount o
t o as At o’aUndendenrint ciacontsences, substances can also give off light,

and this i s .té#hentine @mountohabsorptiorn transmiss@remission

is plotted against wavelength, tbeEmaebul ting
materialshowsa specific and reasonably uniggigectrum, depending on its chemical

structure physical state, and temperatusaf the amount ofinformation contained in the

spectrum can vary tremendbdufrom one region to anothdfor instancewhen looking

for small amounts ov a t esrnpt a gobdddea to look as spectrum in the visible

region. Even though water haweryfaint blue colorthere musbe a lot of watem one

place inorder to sed. In thenearinfrared or in the midnfrared region, water has a very

! Anothertechniga, cal |l ed, bfi nooésesnabdsorbing |ight of one w
of a second, lessnergetic wavelengéht hi s i s what is seen using fiblack 1
light is delayed for a short time, thegpin o menon i s ter med fAphosphorescence
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intense absorbance (it hhumang awneitgtteikeeer k ficol o

wavelength), and small amounts of it can be easily detected.

Most of the tissues of the body are too thick to make reliable transmesiasurements
at the wavelengths that need to be Usedlucose so an dkrnative technique called
Aredt aismanpldyed. Here, the light is directatthe surface of tissue, travels some
distance into itand someysuallysmall percentagee-emergesat or close to the site
where it was first introduced. To complicate matters, thersemerakinds of

refl ectance: fAspecul ar 0 r eafshingsarfacepasima, wher e t
mirror, and Adi ff us e o0 cattered beforeit comesback. wher e t he

Glosy white paint acts a lot like a mirror, and the light primarily bounces off at the same

angle it hits resulting in specular reflectanddat white paint on a smooth walkelds

diffuse refectancewith areflectance profile e r me d i ,bveherd tkerrdflectach

light is distrbuted over a full 180 degrees frahe surface. Tissue is even more complex,

since light penetrates to a depth whitsere arenanysurfacegcollagen fibers, cells)

which scatterthelight and t he resuld ofs keéefldeotf ecd IAigd lotw
from below the surfacé& he technique is complicated becausetop surface of the skin

also exlibits some specular reflectaneeds i nce t hi s Itedgignificattha s n6t i n

with the tissue, it contagalmost no informtion about glucose.

@ B\ A=B Va4 K\ffﬂ

Specular Reflectance Diffuse Reflectance Tissue Reflectance
(Gloss White Paint) (Flat White Paint) (AGlI owball 0)

Near-infrared: Perhaps the most frequentijtemptedegion(and mostroubleplagued)

is nearinfrared spectroscopy. As anyone knows vilas held a flashlight undars

fingers ina dark room, red light (and the invisible band just above it in wavelength called
finearinfraredd | i ght ) wil |l pass t hr owglhssseeAndonsi der a

as peoplevho have tried teseeanybone structure from theamsmitted light also know,
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the light that gets through is very badly confusedcatteredLight of higher

wavel engt h, u sinfraréedbiy strongly abserded Bymwater, which

constitutes a verlarge percentage of all tsesandgenerallyc an 6t penetr at e eve
hundredth as fain an incredibly cruel tradeff by Mother Naturethe midinfrared

regionis quite sensitive ancbntains a great deal of information about the stru@nde

concentratiorof chemical compounds,0 much so that it is often
region ofthespectrum but | i ght in this reThenear candt pe
infrared region wherelight does penetrate tissteareasonablextent,has more of what

mi ght bemmat s edndgghost so dtechrscally, thebands a | i nfo
here are cahdtethbfioater onaebandagreatlyeedudedt hei r i n
below those in the mithfrared.The upshot of this is a lot like looking flostkeys on a

dark nght. They were likelylost n an ar ea wher e ldokingudetaoo dar k
streetlight wherg¢hey might be visible will never locate the#n exaggeration, but a fair

introduction to the difficulty that attends looking for a molecule like glagoghis

region.

For practical purposesgarinfrared light is defineds wavelengths of light between 600
nm and 2500 anametes (inmod a nanometer is ortallionth of a metera micrometer

is onemillionth), so this is the same 8% to 2.5 micrometar, o r .&Misibler on s
light, generally considereid be400to 700 nm, overlaps slightly, btite region below

700 nm containalmostno glucose information, and caafelybe eliminated in the

search for glucosenlessa colored compound has been produced by a chemical reaction

The ultravioletregion below 400 nm is even more impenetrable,aimbstno light at
these wavelengths can pass through tissue. Not only is more of the light aliotthed
tissue, but a great deal more scattering oc&gience class taught us that the sky is blue
because shoxvavelength light (blue) is more scatteredntt@ng-wavelength light (red).

In fact, the amount o$catteringdecreases athe fourth power bwavelength soblue,

violet and ultravioletegionsshow progressivelincreasedcattering.
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In addition to the difficulties described above in getting light into and out of tissue, there
are two other very serious problems that complicate measuriogsglin the near

infrared. First, Bcause the signal related to glucosguge weak, researchers working in

this area have had to rely on sophisticated mathematical techniques to establish
correlation between their measurements and reference valuesn kmohemists as
Achemomeanidcso mafimemat veari ad@eagenaalyhni ques
|l umped toget her iof),these appreachemneratty try @ begamat i t h m
the variationwithin adata setnto a series of components aurveshapes which account

for decreasingmounts of the observed variabilityhe need for such techniques

indicates a relatively weak or obscure relationship between the measured datga and t
results soughtor the presence of a number of interfering materkai$y no means

indicates that the relationship does not exist. It does, however, indicate that there are
many other variables that must be controlledrder for thecorrelation tocontinue to be

robust.

For instance, a data set abted with a group of subjecta( A mo)d erhi ght s how
reasonable correlation on the day the results were generated. Applying that same model

to data for one of the subjects obtained orfferdint day, when conditions or the

patientds chemistry have changed, ocoul d gi ve
clearly not a meaningful result, and a good indication that some essential parameters are

missing from the calibration model.

Second, wihe glucose is the primary fuel and circulates in perhaps the highest
concentration of any sugéke molecule, there are hundredsiop ehlydyoxy carbon
c o mp o unrthe boaly (both inside and outside cells) thatsémecturally similar to

glucoseand therefore have strong spdral similarities Like glucose, these substances

! One expert in the field describes his researdiHasmonious and Parsimonious Multivariate Calibration:

The Tao of Analytical Chemistry Another memorable presentation was made by an ietereandidate at

a noninvasive company who titled his presentation Mt
best wrench to hammer in the screw.o

2 While seeking funding for Fovioptics in 2005, | was congratulated by a potential investoraidtuus
presentation was the only noninvasive gluco®e fApitchdt
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vary in concentratiod some in concert with glucose, some in inverse relationsaiyb

some randomlyAs a result, the neamfrared region is a veritabfej u n gweakp o f
overlgping, varyng signals that come from all these compouyffiaisher complicating

the mathematicallpased search for the true glucose concentration, and increasing the

chances that something whose concentration correlates with glucose will confound

attemptdo isolate it from the overall background. These arokwn as FfAspuri ouso
correlations and have cost the investigators and their investors untold millions of dollars.

Further pecific examples of issues and problems wiltlescribed when the researchers

andtheir preferredechniques are discussed later.

Measurement in the nearfrared region is complicated by the scattering effects of tissue

described elsewhere. When the light that enters tissue is not fully refléetddss may

be due to absorbance by glucose (or other compounds), or the light may have been

scatteredo manytimesit wasnot able to return to the surface. Absorbance of light by
compounds is a function of bothhs diropwt isvirtoynag)l vy
and by how far the | i ghDepbndisgontthedegee¢add (t he i
hydration electrolyte balance, or even temperature, the same tissue site can exhibit

varying degrees of scattering, and it is diffidoltseparate out the light lost by scattering

from that absorbed by glucose molecules. Worse yet, the effective path length of light in

tissue is altered bhe amount ofcattering, swariations can alter the effective amount

of gl ucos e thelghtand san ¢agse \@anation ib the glucose signal that is

not related to concentration.

Generally, however, the nemfrared region is dominated by the spectrum of water, and
since living tissu&an beseventy to eighty percent water, this sengea goodcexample
of why the signal is &rd to see. The picture below is an idealized version of the near

infrared spectrum of water (artistic license has been taken to emphasize the effect).

! Because the signals are inevitably very small, environmental effects turn out to be common sources of

spurious correlatiarBecause the spectrum of water dominates theinfared, variations in room

temperatur@and humidityar e mor e often the source of observed corr
glucose levels.
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Absorbance

Wavelength

If a solution is prepared containing 10% glucose in w@di@® g/l,which equals0,000

mg/dl or 100times the amount in bloodhe resulting spectrum is shown here.

Water

Absorbance

Water with 10% glucose

Wavelength

It is evident that, while there is a difference between the two spectra, by far the biggest
difference isa decrease ithe amount bwater, not the presence of glucose. This can be
demonstrated by subtracting the spectrum with glucose from the one for 100%@awdte

examining the difference:
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Absorbance

Water with 10% glucose

/ Spectrum due to 10% water difference
F_/‘—_F‘_‘_—_—h‘———__
_ﬁ{_‘—o—'—""

Effective spectrum of 100 mg/dl glucose

Wavelength

The difference has the same general shape as the water spectrum, showhiegetiist
very little effect from glucose. In fact, on the same scale where 100% water shows a peak

most of the way up the graph, the normal 100 mg/dl concentration of gindolsed or

tissue is invisiblend would trace out as the straight line shown.

Moreover in practice, the situation is @ more difficultbecaus@ven in the same
personminor varations in location on the skior small differences in the pressureaof

sensing element applied to the skin can cause substantial variatienaipparance of

the spectrum.
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Absorbance

Effective spectrum of 100 ma/dl glucose

Wavelength

Here, the variatioshown is aboub%; experience has shown that multiple days or in
multiple subjecs, it wouldbe much higherAgain, the variation in the spectrdnm

glucoseis not only less than the normal variationrsé@e repeated spectra, it is in fact
thinner than the ink line used to trace eath ond almost an invisiblysmall effect. The
resultis that there are sources of variation in the spectra that are many times (in fact,
many orders of magnitude) larger tithe variation due to glucose. Sonaiationsare
fomot her compounds, as described, but even if
positioring, pressure, or hydration carask the effect of the glucod#/ith inanimate
samples (semiconductor wafers, glage mixtures, or exhaust gases), changes as small as
theglucose effechave been teased out ussaphisticated data processing techniques,

but the fact thaglucosemeasurements must be made on live humans, with their inherent
variations in movement,idchemistry and physical stathasallowed an accurate,

reproducible measurement to elude all investigators to date.

Not all compounds are as hard to measure in theinfared as glucose. Ethan@ir
ethyl alcoho] which taunts uagainby beingeasilymeasured in breathivhich can be
presentatabout the same concentration as glucbas,a much stronger absorbance in a

region of the spectrum where few other molecuotasplicate the measuremertd has
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often beerused as demonstration of the capability of measurghgcose’ It is alsoa

smaller molecule anduite different in its physiological behavior because it freely passes
across the bodyds membranes and appears 1in
blood’. Several investigators have developed successful alcohol monitors using near

infrared spectroscopyut interestingly, none has yet reached the market for widespread

use.

Probably because of the large dependence ofinfrared signals on temperagiseveral
groups discovered that better results could be obtained if the tissue was warmed before
measuringeitherto increas the flow of blood to the area to remove differences in
glucose leved amongdlifferent tissue compartmemntlt also has a significant drawback, as
stated in one of the many patents:

Unexpectedly, it was found that if the temperature of the blood in the cuvette
was clevated to around 40°C, the amplitude of the light beams transmitted to the
photodetector 7 increased considerably for both the test and the reference beam. This is
extremely beneficial in terms of sensitivity of measurement of glucose concentration in the
blood sample, and a cuvette heater 10 was therefore incorporated in the apparatus. However,
to meaningfully compare sample with sampie, the temperature at which the measurement is

made has to be constant and identical in cach case.

Mid -Infrared

The midinfraredis usually considered to be light with wavelengths 2.5 to 16
micrometers, and generallgferred to by a reciprocal unit, wavenumbers, where the
wavenumberrecited in reciprocal centimetgiam®), equals 10,000 divided by the
wavelengthThe equivalent region is about 600 to 4000'cm

! More than one investigation for blood glucose measurement has been undertaken after alcohol was found
to be easily detected across the skin or in saliva.

2|n the 1980s, LifeScan developed a saliva alcohol monitor called AlcoScan, using test strips and a meter
similar to that of its glucose monitor. It worked well, but the market opportunity was much smaller than

that for glucose, and it was abandoned after the unprecedented success of the One Touch systems in the
marketplace.
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Mid -Infrared Emission

Any materialwi t h a temperature above absolute
t he wavelength region is determined by
spectrum chart, Apeopleodo are | isted as
peakng about 1000 cri. Since the glucose molecule both absorbs and emits in this
region (even thougthislight d o e penétrateskinwell for absorption measurements),
there is a possibility that variationstime amount of emitted light coutntain gluose
information.An early investigator who proposedghvas Jacob Wongf Santa Barba,
California.One of the longime survivors, OptiScarmriginally combined mieinfrared
emissionwith varying the temperature of tissue in order to accentuate small differences
in spectraand Janusz Buchextith a company named Infratd@spromoteda mid

infrared detection approach usieguission fronthe tympanic membrarie the ear

canal'

Stimulated emission(Raman or fluorescence)

Thesearevery exotic spectrospic techniques that attemptuee the inteaction of two
wavelengths of light in either the naafrared or midinfrared regions. They have been

investigated by researchers at Geoiiggah, and by Jacob Wong, above.

A group inSan JoseCA called C8 Medisensaqreeported rsultsfrom nearinfrared

Raman spectroscopiy a publication in 200%but showed a mean difference from

reference measurements of 38 mg/dl, much too high for measurements in the normal or

critical low ranges® Another companyiramed LLC, in Columbus, Ohio is also

Zzero

t he o

a

pursuing Raman spectroscopy (together with specialized chemometric data treatment). It

! The company that became Integ, asuccessful developer of a minimaitwasive approach to

monitoring glucose in interstitial fluid, started life as Inomet, which attempted to measure glucose in the
tympanic membranesing infrared spectroscopy, but not emission.

2 Lipson, J., et alReguirements for Calibration in Noninvasive Glucose Monitoring by Raman

Spectroscopyournal of Diabetes Science and Technoldplume 3, Issue 2, March 2009, pp. 2381,
published odine at http://journalofdst.org/March2009/Articles/VER-2-SYM2-LIPSON. mf
3 Jan Lipsonfounder and CTO, was killed in a tragic bicycle accident in 2010.
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was founded by Robert Schlegalveteran of the blood glucose and diagnostics

indugry.*

Terahertz Spectroscopy

Few of thewavelengtiregiors above the midnfraredhave beemxplored, with the

exception of what is now ter medthianger ahert z s
between about 1 and 100 €inthis region can yieldheaningfuldata for pure compouis

or mixtures in large amounksit has yet to be applied successfully to complex biological
samplesResearchers at Cambridge Univergtiblished papers imchting thatglucose

might be measured in this spectral regiamdthe SpireCorporationn Massachusetts

alsoexploredit for glucose measurementsut neithermppeaedto succeed

Photoacoustic Spectroscopy

This is a scientifically fascinating, but so far nattcularlyuseful technique.

Developed by Alexander Graham Bell in the19th century, it haslbegalya solution

looking for a problensince that timé.Briefly put, when materials absorb visible light,

they give it off as heat, througin @nergy conversiomy st em cal | ed , fovi br oni
where lightenergy(more energetic photonapsorbed by a material gszen off as

infraredor heatenergy (less energetic photons). In early versions of the technique, a

modulated light beam was used to illuminate a sample contained in a sealed chamber

with a sensitive microphone. The release of the infrared energy heatsasithe air at

the frequency of modul ation, and the Ahumo f
regions where it absorbs more lightn d s of t er where it doesnoét.
of sound against wavelength, a reasonable version of arbabserspectrum can be

generated. More modern systems use pulsed laser light, which ismouelintensegand

! Jack Kromar was the CEO when | was contacted by the company in 2008; he is no longer listed as part of
the management team.

2 During the time | was atrihceton Applied Research Corporation, the company briefly marketed a
photoacoustic spectrophotometer. Several companies offered similar devices during a brief resurgence of
the technique in the 1970s that found use primarily in academic research programs.
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also usemore sophisticated signal processing techniques to determine the presence or

measure the concentration of a substance.

Perhaps because it§ exotic name, this technology has been explored (or at least
suggested) by the following groups: Herfidfatt Universityin Edinburgh, Scotland;
Richard Carat Sirrayan San Franciso; the Oulu Universityin Finland TRW (now
NorthrupGrummar); Fluent BiomedicalGlucon Or-Nim, andNexsensgall basedn
Israel and most recently, Samsung Electronics of Korea

Pluscachangeplusc'estla memechos@ in 2005,U.S. patent application
20050054907A1 based on photoacoustic spectroscaag publishe@possibly from
Fluent Biomedicgl and it included tis illustration of a wristwatclglucose meter

Optical Rotation

While glucose has no color in the visible region, it has a characteristic sharesbrveh
otherorganicmolecules (and a few inorganic ones) tteisest to rotate polarized light.
This is agai a fascinating area of scieraed heavily stressed in training organic
chemists. The amount of rotation of light by a compound is called its specific rptation
and for glucose, the figure is +56.2 degregdl)* dm™. This means that a concentration
of one gram of glucose in one déeir (100 ml) with a @th length of one decimeter (10
cmor 100 mm), will rotateplanepolarized lightto the right by 56.2 degrees. Og&00

! The application was subsequently abandoned in the U.S. Patent Office.
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ml (1000 mg/l)is a factor of 1thigher than normal glucose levels of 100 mg/dl, so
normal glucose levels would rotate fight by only 5.6degreesvith a path length of 100
mm. Sincea normal path length iliving tissue(or the eye) is aboutneor two

millimeters,i t 0 s nte diveles ly/ anotlger factor of 100 to get the amount of rotation
in one nillimeter: 0.056degrees for the entire signBletecting a changea concentration

of 1 mg/dl would requir@n accuacy of measurement of(D056 degreedslhis is avery
small amount of rotation, btitis limitationhas no deterred the determined, a8l be
describe below

The most common place to look for glucose with this technique (and probably the most

pursuedf anynoninvasive technique), is in the anterior chandf¢he eye (the space

between the corneand the iri$, where a fluid exists that is still known by the archaic

name of fAagoe®@Besahsmot he c otheoreticallypossible r ans par €
to pass polarized light through it to meashiogv much it isotated byglucosepresenin

the fluid (although the measurementisocomplicated by the cornea, since it is

i befringenf 6 whi ch means that it exhibands mul tipl

scatters the light into two paths

Perhapsnoreimportant, there are dynamics of formation and mixing of the aqueous

humor that dramatically comphte any measuremeiatr fglucose made in this medium.

Inan84p age comprehensive review by R.F. Br ubak
Humor i n t h elrahsAm @phthdimoleSoc. 1982; 80: 34¥4), the author

states the following:

In a series of 113 normal subjects'® ranging in age from 20 to 83 years,
the mean (% SD) value of the anterior chamber loss coefficient of fluores-
cein was 1.5 X 1072 + 0.43 X 1072 min~!. The volume of the anterior
chamber in these eyes was 186 + 37 wL. The calculated rate of clearance
of fluorescein from the anterior chamber was 2.7 + 0.6 pL/min~'. The
rate of aqueous humor flow through the anterior chamber was calculated
to be 2.4 + 0.6 pL/min~%,

In fact, on page 433, Table XIV summarizes nineteen studies performed over-gehirtyme span, in
which the flow rate was estimated at between 1.9 and 3.4 microliters/minatédtudies.
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This means thahe amount of fluid producqeker minuteis approximatelyone one
hundredth the total volumef theaqueous humgrand the glucose concentration of the
agueous humor changes at most onelamalredth as fast as that of the bloblde
calculations that giw the amount of time for a new blood glucose value to equilibrate in
the aqueous humor are complicated, but the result is a afeddnput 45 minutes to one
hourbetweera measurement of glucogeblood anda valid readingf a changed

glucose valuan the anterior chambewhich would bemuch too long a delay for a

person whose glucosevel was approachingargerousy low levels?

Therefore, even if the glucose inside the anterior chamber could be measured accurately
(andso far, no ondas managedccurate measuremeimsover thirty years of pursuit), it
almost certainlyv o u | yefd@linically acceptable glucose monitoringsults

However, this longest lived of approaches has been explored by at least the following

! Depending on the optical system used, either the anterior chamber (just the volume between the cornea

and the iris, indicated as fAA0 on the figure) or the
chambemndthe posteriorch mber (t he space between the iris and | en
volume (anterior and posterior) is about 300 microliters, while the anterior chamber itself is just under 200

microliters.

2 There have been reports that people with diabetes imiylet a shorter equilibration time due to leakage

of glucose that occurs in the ciliary procéss he -digpleods barriero) where aqueou
from plasma. Other reports indicate that flow of aqueous humor is reducetieintg with diabetes.
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groups (besideMarchand Quandtabove: Gerard Coté Martin Fox and Brent
Cameron(University of Connecticut and University of TexasgcmedEd Stark
Vitrophage Roche DiagnosticendAbbott Brent Cameron has formed Freedom
Meditech(in Toledo, OH and San Diego, CA) to pursue measurementicbgg in
agueous humor.hle same company pursuing a screening technique for diagnosing
diabetes based on crdsaking in thelens of the eye that was an early approach of the

company that became SpectRx

Related technologie®ased on variations in refraagtiindexrather than optical rotation
of the aqueous humowere being pursued by Visual PathwapsAnthem AZ, Ansari
(U.S.Patent 6704588nd byLein Applied Diagnosticén the UK.

A company called €step(originally in Southern California, but later in San Ramon in
the Silicon Valley) proposed making measurements of the iris of the eye that could
change with glucose variations in the aqueous humor thausuds the irisAlthoughit
wasactive as late as 2007, the company appears to have disappeared after a series of

management changes.

! Coté published a paper in 2001 where he followed the production of aqueous humor in New Zealand
white rabbits and concluded that the glucose equilibrium time could be as short as five minutes. The
measurements weraade by withdrawing fluid, and this process may have altered the rate of production
and led to a shorter estimate of the equilibration time.

% In the five years that have passed from the first edition of this book, the visible progress on the last
compan s website has been | i mi-pherdsizedanstaumentar t i st 6 s
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It has often been suggested that contact lembé&sh change color (or alter their

fluorescenceyvould be an ideal noninvasive monit8aurcesof glucose to a contatgns

are aqueous humor (from the insideptigh the corngatears (from the outsidesee

below), and the conjunctiva inside the eyelid, buen if suitably noarritating materials

could be found, it isunlikely that they would have either the sensitivity or response time

to be suitable for tracking changes in gluc@sscause of the intimate contact between a

contact lens and other structures on the eye, there is a conflict betwlidag tha

material permeable enough for glucose to diffuse in and react with a sensing compound,

and preventinghese sensing chemicditem being leached out into the sensitive areas of

the cornea or conjunctiv&everal patents have appeared but no wgrgnototype to

date.A company called Senték developing t echnol ogy tberamed nfiGl uc
this approach, and a coll aboraticomtbethween a

University ofWashingtorand a researcher at Microsb#is also been announced.

Optical Rotation in Tissue

Theperceivedsimplicity of this approach has lured least two group<{ectrooptical
Laboratoriesn Tennesseesunshine Medicah Northern Californigqinto the exploration
of optical rotation of light by glucose tissue. However, every time light reflects
(scatters) from a surfadkere is a change polarization of light, and after a very short
passage through tissue, the polarization of the light is random and chizter

company was able to achieve adedye results.

Light Scattering

As described, whernght passes through tissue (or is directed into it and bounces back
out as a reflection), it is strongly scattered, and if \aefined rag entered, theyould

be jumbled and confused when they editt has occurred to severaseachersto

exploit this relationship, based generally on a single phenomenon: much of the gratterin
occurs at the interface betwesslls and the interstitialdid in which they are bathed. It

is basedto a large degreen the difference in refractive indéetween the fluid and the
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cell wall, and the refractive index of the fluid dependsamong other thirsythe

amount of glucoserpsent. In these approaches, as glucose concentration inctieases,
refractive index increases to become closer to that of the cell wall, and the scattering
decreaseslhe major drawback ihatthe concentrations ehany other substancatso

vary, and hose variationslso causehanges in the refractive index of the fluldhe
measurement seems to be particularly sensitive to tissue hydration, and since edema
(swelling) is a common symptom of people with type 2 diabetes;alhisi seriously
interferewith the reproducibility of the measurement.

A slight variation of this theme has been employed lbpmpanyn Israelnamed
OrsenseTheystopthe circulationof bloodin a fingerfor a short time, and watch
scattering changesver time casedby a propose@dgglomeration of the red cells inside

thebloodvessels.

A further versionglsobased | argely on scatterianong, I s s
scattering, and has attempted to separate the photons thatraght shroughissue

(Abal | i s)twithouw bemdnsoatteren,sand should therefore contain less glucose
information, from the other photons that bounced around more and interacted with
glucosecontaining tissue. This h&&en given a boost in recent years by the availability

of optical coherence tomograpfl§yCTo see belowsystems which effectively separate

photons based on the distance or time thexetraveled.Several patents havemeared,

but no clinical results.

Transdermal Techniques(and other trans-membrane techniques)

Asking a group of people to suggest ways thlactosemight be measured noninvasively

will inevitably yield suggestions cfalivg sweatand tearssince these are produced in

relative dundance and easily accessilflearwaxa nd finatsas$, @ xtud@ ot her
common nominees, are not valid markers of glucose, primarily because of the tioge peri

over which they are producedn d t h e f amotalwaykeaiabldférey 6 r

examination) After all, they reason, if urine can give an indicationleast of high
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glucose, these might work as well. This reasoning leads to the Second Law of
Noninvasive Glucose (even though itdés introd

Law which follows some distance below):

Second Law

It Is Not Possible toGet a ReliableMeasurementof Glucose
Across an IntactCell Membrane.

Here are the reasons. On a simplistic basig,organism thdeakedits primary fuel

(glucos) across itexternalsurfacesvould be a very inefficient organisand would
probablyhavebeeneliminatedby natual selectiolong ago. For a more sophisticated

reasoning, the amount of any substance that trénagisfluid on one side of a membrane

totheothe( t hi s | s a@aneg pepehdsiopnaanytconmplex facdrihe

concentratiorof the substance on either side, the presence or absence of mediators

(which open the cell wall to a substance; insulin is a good example) quadrters

molecules (endotheliglells which line the surface of blood vessels, do not employ

insulin to mediate their glucose transpaut allow either free diffusion of glucose or

empl oy transporter qcrossthe membranénaddiiandevelsy 6 gl uco
ofsodumandppas si um (d)el ean ror egatelsy obdceller t he per
membrane to a variety of substandaghe skin, where most attempts to measure glucose

have been focused, there is a surface layer of delacscelc o mpact ed to form t

corneum O dcth as@trongbarrier to movement of glucose.

Thebodygoesto great lengths to produce fluids with the right compounds in {satn

in tears for tissue compatibility, for exarepbrdigestive enzymes in saliva), and to
prevent them from carrying awayhercompoundsin sweat glandsa large membrane
surface area is used to collect wated transport it to the surface to aiccooling but
glucose and mostther molecules larger than simple ions like sodium and chloride are

largelyexcluded from the fluid.
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Teass andsalivaareessentially glucose free, atrgling to coerce the cells to do

somet hing they donét wraiehe dffet undev dufedsbatk gl ucos
not reliably or at a constant rate. This leads to another principle that has a parallel in
guantum physics, known as t he fomaldelirtionber g fun
is a little obscre, but what it implies is thatying to look too closly at a subatomic

particlewill alter its statejust by the process of looking. The same principle occurs if

attempts are made to force glucosetawjoe r e nat ur eandlleadsinthet i nt end
Uncertainty PrincipaBubsection of the $end Law

Uncertainty Principle Subsection of the Second Law

Attempts to force glucose across an ifact membranewill alter the
local concentration of glucose

As we will describe in the sectiononCygnusi t 6s possi ble to get gl u
surface of the skin (or across the conjuncti’¢he eye, or in the saliva across thedal

membranenside the cheek), bat lot of force is requiredand this force inevitably

disrupts the normal equilibrium of the body. Defense mechanisnaraostalways

raised (redness, swelling, inflammation, blistering), duese result in very different

metabolic states and substateeelsthan would normally be presemthich can altethe

local glucose concentratiomhere havalsobeen attempts to change membrane

permeability and allow increased glucose flow by ugimgt u substances such as bile

acids, but without success.

In addition, he Directional Principle of the Second Law, as has been learned by

companies like€Cygnus(reverse inotophoresignd Sontrdultrasound) states:
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Directional Principle of the Second Law

| t6s easier to get (uncharged) mollecul es

Transder mal dregodehavebgeftipaeédht o deli ver
agents across the skin. They use mateciadsl | ed fi p er mewhithihelm enhancer
move the drug molecules, but they also use a very large concentration of drug in the

patd. This large concentration helps to drive the partitioniihdrug into the skinand

when the patch is discardedsubstantiafraction of the drug remains undelivered.

Adding an electric current to transdermal delivery prodaceshnique called

iontophoresisand it has also been used for drug deliv&ygnus(with its GlucoWatch
provedjust how difficultitistopullmo |l ecul es t he other direction
unchargedthe glucose molecule olar, meaning that the electric charge is uabakd

from one end to the othéut does not ionize into a positively or negatively charged

species that would be accelerated by an electric curheragidition, the concentration of

glucose belw the skin is very low, so it does not have the concentration advantage of the

drug delivery patches.

The technique of phmmphoresisusing ultrasountb increase the permeability of skin so

substances like topicahesthetics can penetrate more easily, has also been used for many

years, and it has found use for anflammatory drugs and analgesics, mostly for pain
managementbbottlearned, in a brief association wiilontra around 1996hat

coaxing glucose odtom the skinwith ultrasoundvas as least as difficudis with

electricity, ifnotmoresd Bayer | earned the same thing whel
research in about 2003nother pair of companie3gechnical Chemicals & Produgcts

Inc., and Americare, tth thought they had the ideal transdermal system based on

changing permeability of skin with solvents such as ethanol and ether, and battled each

'!Sontradta existence has continued on a tortuous path
Bayerfrom 2003 to 2005, it announced plans fmse down in 2007. It was saved through an acquisition by
Echo Therapeuticand continues its existence, issuing frequent press releases detailing its progress.
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other in the press and in court Bmme yearsNeither companiaunched groduct for

measuring glucose, batsuccessor company still exists called Health Chem, which
appears to be continuirgdfortst o | aunch a transder mal Aipat cho
glycol as the permeation enhancer.

Passivecollection of sweatjud like examination othe suiface of the skin (by any

mean$ spectroscopic or otherwise), shows only traceemble amounts of glucose.

Ani dea that was floated some (pisd@omng) ago was t
compound such gsilocarpine nitratéo the surface of the skin, thereingreasing the

flow of sweat from the skin surface (this is dpal®wng with mild electrical stimulation,

i n whatodés tebmed dcydicgmosiahrtthetesshias diagnostic

value only because the abnormal level is about 50% greater thanharmalh gai n, it 0s
safe bet that, if normal sweat contains no measurable glucose, any that is found after

stimulation of he skin will not accurately reflect the amount present instonulated

tissue.Depending on whether n eglass is perennially haftill or half-empty,it is

possibleto interpret the continuing pursuit of these trame mbr ane t echni ques a
springset ernal , 6 or fAthose who cannot remember t

repeat them. o

One fluid (interesting beyond thegival act t hat
crevicular fluid 0 dmes thave gicose levels very close to plasn®CF is very slowly

exuded between the gums and the tdatb the mouth where it mixes with saliVa@he

verylow rate of productiomakes it challenging to collect, and the very large amount of

saliva thasurrounds it makes it very susceptible to dilution (or contaminétfond has

been recently consumed). Although it has appeared in investigations at least twice, almost
twenty years apdttneither time did it survivas a practial means for measuring

glucose

1t is possible that this is a source of very low levels of gluémsed in saliva.
2 The first, in 1988, was at the University of Stony Brook in New York; the second, in 2005, was a
Professor Yamagichi at Toyama University in Japan.
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The Retina

If the eyeis the window to the soul, migittnot also be théestplace to find glucose? In
addition to the descriptiomboveof aqueous humattemptgandbelowof visual

pigment regeneration rateghe optical clarity of the eye has tempted many investigators
to seekglucose there, especially in the retiddtempts to make neainfrared
measurementsf glucose irthe retinahave produced universally discouiragresults,

and attempts to find glucose within the blood vessels visible on the retina have also not
yielded successThee are severahajor canplications. There is a limitation to the

amount of light that can safely be put into the eye, and onlycadnaof one percent of

the light is reflected from the retina or its vessels (again, it might be possible to determi
hemoglobirin retinalbloodvessels, but it hate statedhuge concentration and color
advantage over glucose). Algbere are many interfacasthe eye (both surfaces of the
cornea, both surfaces of the leaad associated mémanes) which scattéight, so the

light returned from the inside of the eigadifficult to transform ito astraightforward

measurement.

Tvar im (\‘
N \t‘h

! See, for example, U.S. Patent 7,308,293 issued to Jonathan Gerlitz with a compdieyl @lweoVista.
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More significantly, in order to make a glucose measurement in retinal vébseisould

almost certainly be a spectroscopic method, and most likelyimfeared),it is necessary

to look at the pn the measuring light would need to traaet what it holds. fie light

must pass through several millimeters of the aqueous humor, where the glucose likely
varies somewhat more slowly than in blood, and almost 20 millshefevitreous humor

(the jelly-like fluid inside the eyeballwhere glucoses also present bwiaries much

more slowly. The retinal vessels are only a fraction of a millimeter in diametée so

light would encounter something like onendued timesnoregluco in passing through
the eye than it would encounter in the retin
glucose cou bemade by viewing an area of the retina that has no vessels and
subtracting the value obtained, but whenever two large number8qsmd 100) are
subtracted from each other, the result is always much less precise. Finally, the regions of
the neatinfrared spectrum that are most specific for glucose are wavelengths where the

allowed intensity in the eye is severely restricted bytgafensiderations.

An interesting approach, also sponsored by LifeSeas investigated by RetiTechhey
speculated that, because the human vision processing system is a combination of an
older, more primitive motin deection system and a newer systempfiacessingolor

and fine detail there could be a difference in perception at different glucose levels. The
technique employed computgenerated rotating colored patterns, and seemed to show
some differentiation atiher glucose levels, but not with enough resolution for accurate

measurements.

A little further afield, but still related to the eye, are techniques that have been patented
which make use of vision changesestimate glucose. Aftenany hours of high glucose
levels, the lensf the eye swells and changbs focal point of the eye. An early

approach used a series of parallel lines with varying separation to estimate the glucose
leveld the smallest pair that the user wbresolve was the approximate glucose level.
Others(U.S.Paten475083@ LeeandU.S.Patentt44241@ Steffeg, have made

measurements of the refractive correction of the eye and related that to glucose levels.
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Unfortunately, tiis approaclseems to worlkffectivelyonly at high levels (ad after quite

a delay and has nogetbeen shown to baccurateenough for general use

Breath

Collecting breath is about as noninvasive as a technique could be (and we ook it
well for estimation of blood alcohplso it has been investigated multiple times to see of
something in it corresponds to glucokavas mentioned above that the exhaled breath of
people with severe hypdygemia often contamacetoné thisis the resulf the
accumulatonot o mpounds, known col be¢invelay | gstiimes
A ket on é jhétaccuinwdate in the blood with extended hyperglyce®izeof

these, called acetoacetdiee other common one is bdtgdroxybutyratg breaks down

to yield acetone in exhaled breath. When the blood glucose concentration is high for
extended periods, the compouwrah even be detected by just smelling the breath, and
this has led people to speculate that lower concentrations might be measured and
correlated withblood glucoseSimilar tourine glucose, however, it has been determined
t hat t hi s i scttlatniicates hagls gluookedbver tishét tloes not operate
reliably at low or even normal glucose levelsen someone following a low

carbohydrate didike those called Atkins or South Bea@ndthusmetabolizing body

fat to produce the same ketones in the blood) cgelterate enough acetone to cause
errors.So while there have been patents devoted to measuring acetaaatht bven if
asimple apparatus could be developed, firisbablynot a practical measuremerit o
glucoseevels in blood

A company called Positivelih Del Ray Beach, Floridatarted its glucose measurement
adventures with i g l-sensingREIDNi cr ochi po i tthemchahgedc qui r ed,
overto a breatksensings y st em based oon stehnes ofifrE aisty adhseoc ka c g

time from a company in Israélhe device reportedlyses a chemical thegactswith

! For example, U.S. Patent 7,417,730 to Duan, et al., of Los Alamos National Laboratory
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acetone in a disposable test strip, bbilevpress releases about progress have e@din

there has been no further informatapoutthe appearance afcommercial product.

Other compoundm exhaled breathave been shown to correlate with blood glucose, and
one call ed of metsh yslt undii terd@7tededs@ingstiegueddy i n 2
however gas chromatograptusing electron captuand mass selective detectiion

equipment too expensive for a hospital, let alone a hemwhilethis made a great

research project, it was not practical as a moi(idesidesthere was no attempt to

predict glucose values, just to find a correladiasee the Third Law in the following

section) Philips Companyn the Netherlandeasa U.S. Patent applicatiopublishedn

2009 (2009/0270700) which suggadthat the carbon monoxitevel in breath might

correlate with blood glucose, based on the action of an enzyme involved in hemoglobin
breakdown cal |l ed 280Bpebitionthayinckededs ef the

inventors on the patent application, however, stated in its abstrach e pr evi ous f i n
that the glycemia increase after glucose administration was associated with a significant
increase ireCO[exhaled carbon monoxidepncentrations was notied i r me d . 0

A group out of the University of Florida called Xh&las patenteta method for

detecting glucose content in exhaled brehttiheir technique, micrdropletsthat

originate deep in the lungs arecollecke¢ condensing the | ast part
on a cold surfacdBoth the amounfthe glucose concentration is reduced by a factor of

1,000 to 1,000,000 in these droplegsy concentration of glucose in this condensate will

vary over time, so the teolgue requires measurement of another (relatively non

varying) compoundariginating in blood guch as chloride igrand establishing a ratio of

the two to compensate. Unfortunately, this requires the measurement of exceptionally

smallamounts of two compounds, which would be expected to add to the error of the

! Novak, B.J., et alffExhaled methyl nitrate as a noninvasive marker of hyperglycemia in type 1 djalietes
Proc Natl Acad Sci U S A. 2007 Octobe2ICID: PMC1994136 104(40): 156185618

2 Fritsch, T., et al.fils exhaled carbon monoxide level associated with blood glucose level? A comparison
of two breath analyzing methadsd. Biomed. Opt. 13, 034012 (Jun 05, 2008); doi:10.1117/1.2937215

% U.S. 7914,460 issued to Melker, et al.
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overall measurementhe canpany has recently closed doaithough there are still

efforts to pursue funding for the technology.

Hypoglycemic Monitors

With the many failures of noninvasive glucose monitoring in mind, some groups have set
their sights a little lower and tried to produce a device that detects only low glucose
values to set off an alarm. Hypoglycemia creates an entire group of synattrosgh

not all people display all the symptoms, and people who have had diabetes for many
years sometimes become insensitive to them), including sweating, nervousness, tremor,
hunger,confusion difficulty reading or speaking, and eventually, unconssn@ss.

Because confusion and other symptoms are common (and because many hypoglycemic
eventsoccur during the night), making a measurement with a traditional blood glucose
meter is often a difficult way to detdoiv values.Various devices have been proposed

over the years to detect these symptoms (although relatively few actually try to measure
glucose, which becomes incraagly difficult at lower values), and the continuous

glucose monitors now on the market aosgblythebest approach for detectiofi low

values, especially at night

Devices on the market rely primarily on skin temperature and perspifatiddevices

that sense essentially the same parameters have been marketed since the latadl 980s)
range fromapair of wristwatchsized onecalledHAS-01 from Medpagen the U.K. (for
nighttime use, with aDiabetesS3entridpob)itocaelavicecof $12 3.
cal | ed drHaykptedis Aimedics in Australia that is a combination of a belt and
monitor for people with type 1 diabetes ageeRB0 It sells for $1500.

! Skiadnev. V.gt al.,Clinical Evaluation of a Noninvasive Alarm Systdéon Nocturnal Hypoglycemia,
Journal of Diabetes Science and Technol&ptume 4, Issue 1, January 2010
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A systembeingdeveloped by Cybiocaia Canadawhich is not yet o the market, is a

simple arm band that c¢cl aims to Ibasedan noni nvas
nearinfrared light. Itrequires entry of blood glucose results from another debide,

only provides an alarifithei nst r ument A s empoghgwemictevedHTheo ns et of
actual principle of operation (other than a simplistic diagram of variable light scattering)

is not disclosed.

Tying Ideas to New Technologies

| t 6 s e as ierdgion, ptess cayexagenor @ossibly funding when a proposed
technology s tied to the latestonsumeelectronic technology. TheraSense was the first
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