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Abstract

Glucose monitoring and diabetes management go hand in hand. Evolution of
glucose monitoring and diagnostic tools was a necessary step in better diag-
nosis and management of diabetes. With time we have seen improvements in
terms of accuracy, time and sample collection. Some of the greatest initial
advancements in this field were brought forward by the work of scientists
who are sometimes not credited for the extraordinary work they have done.
The first sample to be used in terms of glucose detection was urine, after
which came blood and interstitial fluid. Development of newer methods of
glucose monitoring range from urine sampling to usage of interstitial fluid,
with each method being unique in terms of utility.
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1. Introduction

Diabetes can be found in archives of history as early as 1500 BC, in ancient
Egyptian documents. It was described as disease where people lose weight and
urinate more often. Glucose monitoring refers to the study of glucose levels and
fluctuation in the body. This determines the diagnosis, progression and treat-
ment goals of diabetes.

Diabetes is a chronic disease, needs a standardized way of monitoring its con-
trol and optimizing prevention of its complication. Blood Glucose monitoring

and reading play a pivotal role in objectively looking at Diabetes control and
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prevention of complication related to Diabetes.

Managing diabetes has many aspects, including Psychosocial-Behavioral changes,
Diet, lifestyle modification, Exercise, medication and as well as adherence to a
drug regime. Glycemic variations away from the baseline values can lead to
short-term problems like hypoglycemia, hyperglycemia, diabetic ketoacidosis or
dysglycemia in the long run can lead to a known complication involving mul-
tiple organs.

Diabetes can be classified into 2 broad categories, type 1 and type 2 diabetes.
Type 1 diabetes is culmination of autoimmune effects on pancreas while type 2
diabetes is more centered around metabolic dysfunction including insulin resis-
tance and relative Insulin deficiency. Generally, people with type 2 diabetes are
more likely to be unaware of their condition and as estimated by The Centers for
Disease Control and Prevention (CDC) nearly 25 percent [1] of the diabetics in
America are unaware of their condition. Delay in Diagnosing and duration of
being unaware of the condition leads to people having more symptoms at diag-

nosis and possibility of baseline complications related to diabetes.

2. Evolution of Methods of Diabetes Diagnosis and Glucose
Monitoring

2.1. Urine Testing
2.1.1. History

Glucose detection in urine was one of the initial methods of diagnosing diabetes.
Evidence of glycosuria was noted by physicians in 600 BC, when ants were at-
tracted to patient’s urine. By 1670 the disease got a full name, diabetes mellitus,
which means “like honey” due to the sweet taste of urine. In 1674, an English
doctor named Thomas Willis described diabetic urine as “wonderfully sweet as if
it were imbued with honey or sugar” [2].

(Figure 1)

It was in 1776, Matthew Dobson, an English doctor discovers that the urine of
such patients has higher levels of sugar. According to an article that the journal
Medical Observations and Enquiries published he documented that urine of
people with diabetes could have a sweet taste. It was then that distinction of
Normal urine, which does not have glucose in it, was made with glycosuria (con-
tinuing glucose) and hence a key indicator in the diagnosis of diabetes. Al-
though, it was not clearly known at that time that Glycosuria may also be seen in
kidney diseases. He also notices that blood serum tastes sweet due to the high
sugar levels. Initially, the diagnostic technique used was tasting the urine, which
now thankfully, have evolved into more accurate and less distasteful methods of
urine testing.

During the Middle Ages, doctors established the technique known as urosco-
py “visual inspection of urine in a specially shaped flask called a matula”, which
they used as standard way of diagnosing and treatment of disorders of hormonal

imbalance. The first method to measure glucose levels in the body was seen in
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Figure 1. Source: https://www.ediblegeography.com/urine-flavour-wheels/
Urine wheel from Epiphanie Medicorum, Ullrich Pinder (1506), via Oscillator.

the form of urine flavor wheels. Specific flow charts were developed for this me-
thod, that included various parameters including sight, smell, and taste of urine.
These parameters were compared to those on the chart to estimate values. It was
much later that these tests evolved into more efficacious and accurate tests in
reference to detecting sugar in urine. The first clinical test for sugar in urine was
developed in 1841 by Karl Trommer, which involved subjecting a urine sample
to acid hydrolysis [3].

Although step forward but still these methods showed poor and inaccurate
results.

It was in the late 1930’s that we saw the introduction of urine tests to detect
glucose in urine, which worked on the principle of benedicts test. Benedict’s
reagent was mixed with the urine sample in a test tube and placed over a Bunsen
burner. Dr. Walter Ames Compton, who was an American medical doctor and
pharmacy researcher joined Miles Laboratories and in 1941 Miles laboratory,
under the directions of Dr. Walter Ames, introduced the effervescent tablet Cli-
nitest” [3] [4] [5].

Clinitest utilized cupric sulfate, sodium hydroxide, and citric acid mixed with
a bit of carbonate to make it fizz. Procedure of testing included to have urine

samples dropped over the tablets and the color of the results could be used to
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give a quantitative measure of sugar in urine. The color changes range from
(0.5% glucose) to orange (2% glucose) [6]. In 1946, Alfred Free helped Ames Di-
vision of Miles Laboratories to set up a biochemistry division and partnered up
with Helen Murray. This collaboration resulted in improvement and accuracy of
clinitest as well as development of a new technique for the diagnosis of diabetes.
Partnership also lead to the formulation of Acetest”, which worked on the prin-
ciple of using nitroprusside to detect ketones in urine. This became a very im-
portant tool in detection of Diabetic Ketoacidosis and later on understanding
pathophysiology of diabetes and identification of Insulin deficiency in patient
with type 1 Diabetes.

It required a lot apparatuses and procedural skills to detect and measure blood
glucose, Alfred and Helen relentlessly worked to make it more convenient and
glucose-sensitive. Their efforts lead to urine test strips which were first launched
in 1956 [7]. This time researchers used a double sequential enzymatic reaction:
glucose oxidase and peroxidase. Urine test strips were of two types, qualitative
and semi-quantitative. The Qualitative test strips only tell about a positive or
negative test result, whereas, a semi-quantitative also gives us a general idea
about quantity of substance present in urine.

Contribution of Miles, Alfred and Helen did not stop here, they went onto
develop strips that could be used in the identification of more than one sub-
stance in the urine. This was developed by using a water-impervious barrier be-
tween the two test strips to prevent mixing. Uristix”, released in 1957, combined
tests for glucose and protein [5]. This journey continued and various test strips
were later produced that combined reagents for ketones, blood, bilirubin, urobi-
linogen, protein, nitrite, urinary leukocytes, and pH. The procedure of urine
testing was to ask the patient to urinate in a container after which a test strip was
dipped into the urine. The changes in color of strips were compared to a color

chart, which determined the concentration of various substances.

2.1.2. Evolution

Over time various body fluids have been used to determine sugar levels and di-
agnose diabetes, the first of these was urine. This is a rather noninvasive and
cheaper method compared to testing of blood. Urine analysis is helpful for pa-
tients with anxiety caused by needles and for when healthcare professionals
cannot access a vein for blood test. Urine testing is less accurate compared to
blood tests. Urine test strips to detect glucose can provide some false positive
results due to the presence of traces of strong oxidizing agents from disinfectants
and intake of substances like vitamin C, aspirin, iron supplements, levodopa and
tetracycline-type antibiotics. In the past making test strips was very labor inten-
sive. Researchers cut the filter paper, dipped it into reagent solutions, and dried
the paper in ovens [5]. Limitations to this procedure include that it cannot detect

hypoglycemia, therefore, puts patients at a risk.

2.1.3. Standard Values

Knowing standard values of different sugar tests help us differentiate healthy
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from diseased individuals and also provide basis of monitoring. Uroscopy showed
a positive or negative result based on comparison of multiple factors with that
on the urine flavor chart.

Benedicts test and clinitest were two very similar procedures with clinitest be-
ing more accurate, faster and convenient as it could be performed at the office of
the physician. Test values for both the tests ranged from a value of 0% to 2%.

e Blue: 0% (no) sugar in urine

e Green: 0.1% - 0.5% sugar in urine
e Yellow: 0.5% to 1% sugar in urine
e Orange: 1% to 1.5% sugar in urine
e Red: 1.5% to 2% sugar in urine

e Brick red: more than 2% sugar [8]

Acetest showed a positive result through purple lavender discoloration of the
tablets indicating presence of acetone/acetoacetate (ketones) darker the color
greater the concentration of ketones.

The semi-quantitative urine test strips show positive results, through various
colors on the test strip, corresponding to different concentrations. These colors
can be matched to 1+, 2+, 3+ and 4+ symbols on the chart, which represent in-
creasing glucose concentration; which can also be estimated as milligrams per
deciliter. Automated readers of test strips are also present which provide results
using units from international system of units. The normal urine glucose levels
are said to be around 0 to 0.8 mmol/L or and any value higher represents an un-

derlying health disease. 25 mg/dl of glucose in urine is normal [9] [10] [11] [12].

2.1.4. Utility

These urine tests lead to giving armamentarium in hand of physicians to combat
three most important parameters of Diabetes management, which are measure-
ment of glucose, ketones and proteins in urine. When a person has diabetes and
has relative or absolute insulinopenia, the glucose in the blood cannot reach the
body cells which leads to the body utilizing energy in the form of stored fat.
When the body uses a large number of fat stores as a source of energy, consi-
derable amount of ketones are released into the blood which are cleared through
the kidney and added to the urine. The ketones in the blood cause its acidifica-
tion and that leads to Diabetes ketoacidosis. Diabetes is associated with nephro-

pathy and a key diagnostic factor of diabetic nephropathy is protein in urine.

2.2.Blood Testing

2.2.1. History

Although, increased glucose level in blood were identified but actual commercial
measurement did not start till 1960’s. Glucose monitoring is done through com-
ponents of the blood, which include whole blood, plasma and capillary blood.
First blood glucose test strip, Dextrostix, was made in 1964 by The Ames Com-
pany (a division of Miles Laboratory—eventually acquired by Bayer). This re-
quired large drop of blood to be placed on strip and after 60 seconds wait it
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would generate a color, it was then compared to a chart on the bottle. These col-
or chart comparisons would give a semi-quantitative assessment of blood glu-
cose. These strips utilized the glucose oxidase-peroxidase system which was de-
veloped in 1965 and was a more reliable diagnostic tool.

Further refinement came in 1970 by Ames when they introduced the first
glucose monitoring device Ames Reflectance Meter” (ARM), invented by Anton
Clemens. This enabled self-monitoring of glucose. This came as a leap managing
Diabetes by measuring blood glucose and self-assessment of control. Over years,
further improvements in these devices are seen in the form of optically read test
strips, electrochemical strips, being able to test capillary blood from areas other
than the fingertips and continuous glucose monitoring devices.

In 1970, another tool for managing and diagnosing Diabetes was introduced,
known as Glycated hemoglobin (Alc) test [13]. The HbA1C measurement re-
flects blood sugar over a period of months rather than a single point in time.

This blood test has great utility of not only diagnosing diabetes but can also be
used as a tool in its management [14]. Benefit of HbAlc is not limited to giving
you an average blood glucose of previous 3 months but also does not require any
fasting prior to test and can be obtained at any time of the day. Test results are
not altered by acute factors like stress and exercise. HbAlc is a stable sample
material, therefore, only a single sample is required and there is extremely low
intra-individual variability (CV < 1%) [15].

In 1922, the Oral Glucose Tolerance Test (OGTT) was first introduced [16].
This test helps us study how the body responds to glucose. It is also used as a
gold standard screening test to screen type 2 diabetes as well as gestational di-
abetes. For this test the subject has to fast for a time duration of about 8 - 12
hours overnight. At the test lab the patient would be provided with a bottle of
liquid, containing 75 grams of glucose, that he/she would have to drink within 5
minutes. After this blood samples would be taken every 2 hours (every hour
when screening for gestational Diabetes). Elevated blood glucose would be con-

sidered as a clear indication of diabetes.

2.2.2. Evolution

Glucometers are easy to use devices used to measure blood sugar level, they are
fast and require only a small amount of blood. A small “prick and blood test” is
currently used to monitor blood sugar levels. However, pain associated with the
finger prick is one of the biggest limitations of this method. The method is inva-
sive and continuous monitoring is not possible. Moreover, pricking too often
can be tiresome. It might be frightening for some patients and it makes patients
less likely to control blood glucose levels. Another weakness of this method is the
insufficient sampling frequency. Glucometer readings come with a degree of in-
accuracy. The most accurate way of measuring blood glucose level is through a
biochemical analyzer. Usage of biochemical analyzer for measurement of blood
glucose from serum is considered the gold standard of accuracy [17]. This level

of accuracy can be obtained on glucometers by replacing whole blood with blood
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serum or plasma for testing. The conversion of blood to blood serum or plasma
can be done through centrifugation. Even though a biochemical analyzer has
more accurate results but it’s not practical to use this machine to continuously
monitor blood glucose level due to the expense, pain associated with withdrawal

of blood and larger quantity of blood needed as compared to a glucometer.

2.2.3. Standard Values

Glucometers use capillary blood and some reference values for monitoring. Var-
ious blood tests are used for glucose monitoring [18], the main tests and there
diagnostic blood sugar values are given below:

Diagnosis A1C (percent) Fasting plasma glucose (FPG)

Values in milligrams per deciliter, or mg/dL Oral glucose tolerance test (OGTT)

At 2 hours after drinking 75 grams of glucose

Values in milligrams per deciliter, or mg/dL Random plasma glucose test (RPG)

Values in milligrams per deciliter, or mg/dL

Normal below 5.7 99 or below 139 or below 200

Prediabetes 5.7 to 6.4 100 to 125 140 to 199

Diabetes 6.5 or above 126 or above 200 or above 200 or above

Classification and diagnosis of diabetes adapted from recomendation of Amer-
ican Diabetes Association and European Association for the Study of Diabetes
(EASD).

Normal blood sugar values for a healthy individual are between 70 and 130
mg/dL depending upon the time of the day and time since last meal. A normal
blood glucose level for a healthy adult who has not eaten for at least 8 hours
prior to test is less than 100 mg/dL and two hours after eating is less than 140
mg/dL [19]. Low blood sugar levels indicate hypoglycemia. For many people, a
fasting blood sugar of 70 milligrams per deciliter (mg/dL), or 3.9 millimoles per
liter (mmol/L), or below should serve as an alert for hypoglycemia [20].

High blood sugar levels indicate hyperglycemia. Hyperglycemia is blood glu-
cose greater than 125 mg/dL (milligrams per deciliter) while fasting [21] and le-
vels greater than 11.0 mmol/L (200 mg/dl) 2 hours after meals [18].

2.2.4. Utility
Currently, we have various blood glucose tests that help us identify blood glu-
cose levels at a single point in time. These tests include fasting plasma glucose
test and random plasma glucose test. Fasting plasma glucose test requires pa-
tients to fast for 8 hours prior to the test, but excludes moderate consumption of
water. While, random plasma glucose test is similar to the fasting plasma glucose
tests but this test is used when symptoms of diabetes are present and healthcare
professionals do not want to wait till the patient has fasted.

Gestational Diabetes, which like type 2 diabetes, reflects insulin resistance
with decreased insulin secretion during pregnancy when placenta is producing
hormones. These hormones lead to exposing pregnant females to the two defects

mentioned above. Patient without underlying pathology, can compensate in-
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creased insulin requirement but in patients with gestational diabetes unable to
do so. Two diagnostic tests which are pivotal in diagnosing Gestational diabetes

include oral glucose tolerance test and Glycohemoglobin A1C [22] [23].

2.3. Serum Glycohemoglobin A1c (hbA1lc)
2.3.1. History

HbAlc was discovered in 1960 and wasn’t implemented in clinical practice up
till 1977 [24]. The methods used during that time to use HbAlc as a laboratory
diagnostic marker lacked precision and there were no calibrators or material
with assayed values for quality control purposes. The discovery of Glycated he-
moglobin has been one of the greatest advancements in laboratory medicine. In
the 1990’s it was realized that test results were not comparable from one labora-
tory to another and one country to another ,therefore, during this period efforts

to standardize hbA1lc methods and diagnostic tools were made [25].

2.3.2. Standard Values
In most labs, the normal range for hemoglobin A1C is 4% to 5.9%. 6.5% is
termed as the cut off value for diabetes but values below this do not rule out di-
abetes.

In well-controlled diabetic patients, hemoglobin A1C levels are less than 7.0%.

In poorly controlled diabetes, its level is 8.0% or above.

2.3.3. Utility

The formation of sugar-hemoglobin linkage occurs when blood sugar levels are
higher than normal and is often indicative of diabetes. HbAlc is of particular
interest as it is easy to detect. The test is limited to taking a 3 month average as
the lifespan of a red blood cell is 4 months.

Commonly used HbA1c analytic techniques include immunoassay, ion-exchange
high-performance liquid chromatography (HPLC), boronate affinity HPLC, and
enzymatic assays. HbAlc is an accurate diagnostic marker for the detection of
diabetes and pre-diabetes. A three month average of blood sugar levels is pre-
sented and it correlates well with adherence and effectiveness of drug regime as

well as risk of long term complications of diabetes.

2.4. Interstitial Fluid
2.4.1. History

The latest method of monitoring blood glucose levels is through the interstitial
fluid. Continuous glucose monitoring devices and flash glucose monitoring de-
vices are examples of such devices. The first device for reading blood glucose le-
vels continuously was a professional CGM that was approved by the FDA in
June 1999 [26]. There is innate time delay when checking interstitial fluid, espe-
cially after eating or if you’re exercising. This delay is due to rapid change in ca-
pillary blood glucose, and attaining new level of Glucose while glucose freely

diffuses from capillaries into interstitial fluid.
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The existence of a patient-specific time delay which might vary from a few to
up to 20 minutes must be taken into consideration when a patient is to use a
CGM sensor [27]. The delay is due to the time taken by glucose to travel from
the blood vessel wall to the interstitial space and then to the CGM sensors.
However, because interstitial glucose levels are not identical to blood glucose le-
vels, continuous monitoring devices (CGMs) must be calibrated with a blood
glucose reading from time to time. Continuous glucose monitoring devices meas-
ure your blood glucose throughout the day and continuously send information
to your display screen, therefore, they can be used to set an alarm for hypogly-
cemia as well as hyperglycemia.

Flash monitoring devices only send input to display screens when scanned
[28]. Most, Flash glucose monitoring devices have standard factory set calibra-
tions and therefore do not require individualized calibrations through blood

tests.

2.4.2. Evolution

Usage of continuous glucose monitors saves us from the pain and hassle of hav-
ing to prick our fingers multiple times a day. Apart from its convenience, conti-
nuous glucose monitoring devices have allowed us to study glucose variability in
time and range. We can now understand and detect various blood sugar trends,
allowing us to understand the effect of diet and exercise on our body. Conti-
nuous glucose monitoring devices come with hypoglycemia and hyperglycemia
alerts, minimizing the occurrence and negative impact of both events. Limita-
tions and disadvantages of such devices include there relatively high prices
compared to glucometers, delay in reading of glucose trends and the need of ca-
libration by twice-daily finger sticks tests. Continuous glucose monitoring nor-
mally requires the use of electrodes that are inserted into the skin at various
sites, which is painful or could lead to skin irritations. Flash glucose monitoring
devices are similar to continuous glucose monitoring devices but are compara-
tively cheaper, do not require calibration and show “more information” on the
glucose trend. The limitation to these devices is that they only show values when
sensors are scanned and for that reason they cannot be used for hypo and hyper
alarms. Neither of both devices is preferred over the other, both come with their
own advantages and disadvantages.

2.4.3. Standard Values

Devices like continuous glucose monitors and flash glucose monitors, utilizing
interstitial fluid, give values showing blood glucose levels through calibration of
interstitial fluid values with blood glucose values. Although rapidly becoming
popular but still long term studies required before this to become standard of

care.

2.4.4. Utility
These CGM/Flash Monitoring devices have given new meaning to blood glucose

and hence given opportunity for better evaluation of “glycemic variations” and
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concept of “time and range”. These not only keep the fluctuation to a mini-
mum, but now there is scientific data to support that they may play a role in
macro-vasculature and microvasculature complication of Diabetes. Newer
Technologies like artificial pancreas/close loop insulin pumps utilize these
and function only after integration between a glucose monitoring device and
an insulin injecting device. Insulin delivery is intricately managed by con-
stant feedback from these continues glucose monitoring devices. BMJ in
2018 published data that the artificial pancreas is “efficacious and safe” for
people with type 1 diabetes to use [29]. The Medtronic MiniMed 670G sys-
tem is the first FDA hybrid closed loop system which was approved on Sep-
tember 28, 2016 [30].

2.5. Newer Innovations

The future of glucose monitoring includes methods that are less invasive and
more accurate, using various body fluids including tears and saliva. A team of
researchers affiliated with UNIST has recently introduced a new biosensing con-
tact lens capable of detecting glucose levels in diabetes. The devices will use tears
to monitor glucose levels and the two major uses of these devices would be con-
tinuous glucose monitoring and treatment of diabetic retinopathy. Despite wide
investigations of smart contact lenses for diagnostic applications, there has been
no report on electrically controlled drug delivery in combination with real-time
biometric analysis. The devices have not yet been tested on human patients but
would be a breakthrough in the future; providing a pain free method towards
managing diabetes [31].

Researchers at The Hong Kong Polytechnic University, have been working on
a new ultra-sensitive transistor-based biosensor for detection of glucose in saliva.
This sensor works on the principle of glucose oxidase enzymes, where these en-
zymes oxidize glucose producing an electrical current and this signal is later con-

verted into a value reflecting glucose levels in the body [32].

2.5.1. Evolution

In regard to current methods, Bio-sensing Contact Lenses and saliva glucose bio-
sensors could be eliminated limitations associated with the current methods of
testing. Bio-sensing contact lenses can be used as a non-invasive method for
continuous glucose monitoring. Through this method compliance could be im-
proved as the individual can replace it every day and as they are transparent they
would not make the individual self-conscious.

Saliva biosensor is a high-performance flexible glucose biosensor, which is
sensitive to specifically detect trace amount of glucose level in human saliva, mak-
ing it highly accurate. These devices are low in cost and could be used as a port-
able non-invasive glucose level meter for home use. It is convenient for people
who face difficulty extracting blood samples such as infants, the elderly and he-
mophiliacs. The devices demonstrate a good linear response in a wide glucose

level range.

DOI: 10.4236/jdm.2021.115019

230 Journal of Diabetes Mellitus


https://doi.org/10.4236/jdm.2021.115019

S.1.Razaetal.

2.5.2. Standard Values

Biosensors can be used to determine glucose in tears and saliva. With an increase
in blood glucose concentration an increase in glucose concentration in tears and
saliva is also seen.

These values can be calibrated for diagnostic use. For a healthy individual
fasting, tears averaged 3.6 mg/100ml (0.2 mmol/l) and in the diabetic patients it
averaged 16.6 mg/100ml (0.92 mmol/l), these numbers can be taken as reference
values [33]. Normal glucose levels in saliva are estimated to be 0.5 - 1.00 mg/100ml
[34]. In a study published in Journal of Oral and Maxillofacial pathology it was
found that patients with serum glucose levels between 100 and 280 mg/dl showed
a mean salivary glucose level of 1.002 mg/dl and patients with serum glucose le-
vels between 180 and 440 mg/dl reflected a mean salivary glucose level of 2.31
mg/dl. [35].
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