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There are few medical diagnoses that depend solely on
the result of a single blood test, but diabetes mellitus,
which is defined by concentration of circulating glucose,
is one that does.

Quite apart from its long established role in diagnosis as
well as life-long monitoring of diabetes, measurement
of circulating glucose concentration has in recent years
emerged as an important component of the overall
intensive monitoring that all critically ill patients require.

It is also essential for identifying those, both diabetic
and non-diabetic, who are suffering hypoglycemia, a

clinical emergency.

Blood glucose measuring technology has evolved to
suit different clinical contexts. For routine diagnosis of
diabetes, which demands greatest possible accuracy and
precision, blood glucose is measured in the laboratory
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by traditional ‘wet chemistry’ reference methodology,
using a plasma sample recovered from venous blood.

Once diagnosed, diabetic patients self-monitor blood
glucose using reagent strips, hand-held glucose meters
and whole blood capillary samples.

The same sample type is used by healthcare staff in a
range of point-of-care settings using glucose measuring
devices that do not necessarily depend on reagent strip
technology.

Finally in the intensive care unit and emergency room,
blood glucose is often monitored using ‘direct reading’
glucose electrodes incorporated into blood gas analyzers,

in which case arterial blood is the usual sample.

In acknowledging the range of sample types and
measuring technologies used to assess circulating

Page 1

Article downloaded from acutecaretesting.org


http://acutecaretesting.org
https://acutecaretesting.org/en/articles/measurement-of-circulating-glucose-the-problem-of-inconsistent-sample-and-methodology

glucose concentration, this article, is intended to help
provide some answers to questions of harmonization
such as: To what extent do glucose results derived
from one sample type differ from results derived from
another?

Is the same measurement being made in all glucose
assay systems? Why is it that laboratory-based results
do not always agree with those obtained at the point-

of-care?
The sample

Glucose concentration might be measured using a
whole blood sample (either venous, arterial or capillary);
or a plasma sample recovered after centrifugation of
anticoagulated whole blood (either venous, arterial or
capillary); or a serum sample recovered after centrifu-
gation of non-anticoagulated whole blood (either

venous, arterial or capillary).

There are then nine different sample types that could
legitimately be used to measure circulating glucose
concentration but for mainly logistical reasons, only five

are routinely used.

They are: whole blood (venous, capillary and arterial)
and plasma and serum samples recovered from venous
blood.

The necessity of centrifugation determines that in
general plasma and serum samples are only used in the

laboratory.

QOutside the laboratory whole blood is used. In the
intensive care unit and emergency room this may be
arterial or venous blood collected via an indwelling
catheter or puncture of a vein or an artery, whereas in
all other point-of-care settings it is more often capillary

whole blood, collected by finger, earlobe or heel stab.

When, as is often the case, the term blood glucose
concentration is used without qualification of sample
type, an erroneous assumption is implied that sample
type does not affect glucose concentration.
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In fact, for accurate interpretation of glucose results, it
is important that the sample type be known. The most
significant systematic difference is between whole blood
glucose concentration and plasma or serum glucose
concentration.

Difference between whole blood and
plasma/serum glucose concentration

To understand this difference, which is of the order
10-15 % [1], it is necessary to look in a little detail at
the way glucose in blood is distributed between plasma
and the cytoplasm of blood cells.

Because they are quantitatively by far the most
significant, it is only the red blood cells (erythrocytes)
that are important for this discussion.

The red cell membrane is effectively freely permeable
to glucose, so that glucose passes from plasma to
red cell cytoplasm, as well as in the reverse direction,
maintaining equal concentrations on either side of the
membrane.

But the measured glucose is present only in the aqueous
(water) phase of both plasma and red cell cytoplasm,
and crucially for this discussion, the water content of
plasma is significantly greater than the water content
of red cells.

So that, although the glucose concentration in plasma
water is the same as that in red cell water, the different
water contents determine that glucose concentration of

plasma and red cell are unequal.

The magnitude of that inequality can be defined by the
percentage difference in water content. The solid phase
of plasma (principally lipids and proteins) occupies
around 7 % of plasma volume so that the water content
of plasma is approximately 93 % [2]. The solid phase of
red cells, due almost entirely to hemoglobin, occupies
around 29 % of red cell cytoplasm volume and thus the
water content of red cells is approximately 71 % [3].

Since glucose concentrations in plasma water and red
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cell water are the same, but water cell contents differ
by (93 - 71/93) x 100 i.e. 23.6 %, it follows that the
glucose concentration of plasma and red cell also differs

by 23.6 % (plasma greater than red cell).

Whole blood glucose concentration is determined by
three parameters:

e plasma glucose concentration, pl gluc;

e red cell glucose concentration, rc gluc (approxi-
mately 23.6 % less than plasma concentration);

* % of whole blood volume that is occupied by
red cells (this is the packed cell volume (PCV) or
hematocrit (Ht)).

Thus, if plasma glucose concentration is 10.0 mmol/L
(182mg/dL), then red cell glucose concentration is 23.6
% less (10.0 - 2.36) i.e. 7.6 mmol/L (142mg/dL), and
whole blood glucose is (0.45 x 7.6) + (0.55 x 10.0) i.e.
8.9 mmol/L (162 mg/dL).

TABLE 1 describes how hematocrit affects whole blood
glucose concentration and therefore the percentage
difference in glucose concentration of plasma and
whole blood. If hematocrit is at the midpoint of the
reference range i.e. 45 %, the theoretical difference is
11 %, but less if hematocrit is reduced and more than

11 % if hematocrit is raised.

Importantly, it should be noted that unlike whole blood
glucose concentration, plasma glucose concentration is

unaffected by hematocrit.

Difference between venous, capillary and
arterial whole blood

Normal physiology, specifically the rate at which glucose
is extracted from blood by tissues, determines that in the
postprandial (non-fasting) state, capillary (whole) blood

glucose is slightly higher than venous (whole) blood.

A representative study of 75 healthy adults submitted
for glucose tolerance testing revealed mean venous
blood glucose at 30 mins post glucose load was 6.69
mmol/L compared with 8.06 mmol/L for capillary blood,
a difference of 1.37 mmol/L (24.9 mg/dL).

The difference at 60, 90, 120 and 180 mins post glucose
was 1.40, 1.07, 0.95 and 0.52 mmol/L respectively [4].
The ratio of whole capillary blood glucose concentration
to whole venous blood glucose concentration in the
non-fasting state is estimated to be in the range 1.09
to 1.24 [4, 5].

In the fasting state glucose concentration of venous
blood is not significantly different from that that of
capillary blood [4]. Arterial blood glucose concentration
approximates closely to capillary blood glucose concen-
tration.

Difference between venous plasma and
venous serum glucose concentration

The glucose concentration of venous plasma and venous
serum should theoretically be the same. Any difference

WHOLE BLOOD GLUCOSE
PLASMA RED CELL (mmol/L)
GLUCOSE GLUCOSE Hct 30 % Hct 45 % Hct 60 %
(mmol/L) (mmol/L) (0.3x7.6) + (0.45x 7.6) + (0.60x 7.6) +
(0.70 x (10.0) (0.55x(10.0) (0.40x(10.0)
10.0 7.6 9.28 8.92 8.50
% difference
between plasma 72 108 14.4
and whole blood
glucose conc.

TABLE 1: Effect of hematocrit (Hct) on whole blood glucose concentration
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is an artifact due to sample handling; specifically delay

in separating serum or plasma from cells.

Delay causes lowering of glucose concentration at an
estimated rate of 5-7 % per hour, due to continued

metabolism of glucose (glycolysis) by blood cells [6].

This in vitro glycolysis is prevented or at least minimized
in the case of plasma by addition of sodium fluoride to

the anticoagulant present in blood collection tubes [6].

If serum glucose is to be measured, blood must be
centrifuged and serum analyzed within an hour of
collection, in which case the result should theoretically
be the same as that from an equivalent plasma sample
derived from anticoagulated bloocontaining a glucose

preservative such as sodium fluoride.

A recent study [7] however demonstrated a slight (4.7
%) negative bias in plasma glucose from blood collected
into tube containing sodium fluoride compared with
serum glucose when serum was separated from cells

very soon (15 minutes) after collection.

This confirms that sodium fluoride cannot be relied upon
to completely eliminate in vitro glycolysis, particularly
during the first hour after blood collection [6].

FIGURE 1 describes the theoretical relationships of

glucose concentration between the various sample types.

Note the the difference between capillary blood glucose
and venous sample types depends on the time since last
meal. Arterial blood glucose approximates closely to

capillary blood glucose.
Venous plasma - the reference sample

Of all the clinical contexts in which glucose is measured,
diagnosis of diabetes is the one that demands greatest

accuracy and precision.

Because plasma and serum glucose concentration are
unaffected by the confounding effect of hematocrit,
they are a more accurate measure of circulating glucose
than whole blood glucose concentration.

Compared with serum glucose, plasma glucose is
considered less likely, in the context of routine clinical
practice, to be affected by the potential inaccuracy

associated with in vitro glycolysis.

Venous blood is more convenient and safer to collect
than arterial blood, and is less prone to sampling error

than capillary blood sampling.
Thus plasma, specifically venous plasma is the sample
that affords greatest accuracy and convenience, and the

one recommended for diagnosis of diabetes [8, 9].

The consensus that plasma be regarded as the reference

Venous blood glucose
10.0 mmol/l

+0%
Capillary blood glucose +9.6%
(fasting)
10.0mmol/1

v

+11.3%

Venous plasma/serum glucose
11.13 mmol/l

Capillary blood glucose

(non-fasting)
10.69 mmol/l

FIGURE 1: Glucose concentration is sample dependent (adapted from ref 4)
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sample against which all other sample types be
compared has led to the recommendation that if whole
blood glucose concentration is measured, results should
be converted to ‘equivalent plasma values' using a
constant factor 1.11 [10-12].

Plasma equivalent glucose (mmol/L or mg/dL) = whole
blood glucose (mmol/L or mg/dL) x 1.11.

This factor is the theoretical ratio of plasma glucose
concentration to whole blood glucose concentration
derived from blood with normal hematocrit (43 %) and
assumes, as in the discussion above, that water occupies

93 % of plasma volume and 71 % of red cell volume.

Adoption of this policy, which in essence means
reporting all glucose results as plasma glucose concen-
tration allows greater harmonization between central
laboratory results and those obtained at the point of
care [13, 14].

The potential for errors in interpretation of glucose
results, due to confusion or ignorance about the
difference between whole blood and plasma glucose

concentration, is much reduced by the policy.

However it must be remembered that plasma ‘equivalent’
values are as dependent on hematocrit as whole blood
glucose concentration. So long as hematocrit does not
deviate from normal then plasma equivalent glucose
concentration is theoretically the same as measured

plasma glucose concentration.

A decrease in hematocrit causes increase in plasma
equivalent glucose concentration - relative to measured
plasma glucose concentration - and vice versa. The
magnitude of the increase and decrease is theoretically
the same as that for the effect of hematocrit on whole
blood glucose (see TABLE 1).

The measurement
To satisfy the need for glucose to be measured not only in

the laboratory but also in a range of settings outside the

laboratory, by personnel who have little or no analytical
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experience, a range of measuring technologies have

emerged.

In the US alone there are at least eight manufacturers
producing 34 different glucose meters for home or
hospital point-of-care testing [15].

Almost all glucose measurements, both inside and
outside the laboratory are based on the action of
glucose on one of three enzymes: glucose hexokinase,

glucose oxidase or glucose dehydrogenase.

However the way the sample is treated during the
analytical process as well as the detection system used
to monitor the reaction of glucose with these enzymes

varies.

Hexokinase methods

In the central laboratory, glucose-measuring platforms
on automated analyzers are most frequently based on

the enzyme hexokinase [16].

Because of the high level of accuracy and precision that
can be routinely achieved with automated hexokinase
methods, many consider them an acceptable reference

method, certainly suitable for diabetes diagnosis.

In the presence of adenosine triphosphate (ATP),
glucose is phosphorylated by hexokinase to glucose
6 phosphate (FIGURE 2a). This is then oxidized to
6-phosphogluconate by a second enzyme glucose-6-

phosphate dehydrogenase.

This second reaction depends on the concurrent

reduction of co-factor nicotinamide  adenine
dinucleotide (NAD*) to NADH or
dinucleotide phosphate (NADP*) to NADPH (depending

on the source of hexokinase).

nicotinamide

The rate of utilization of NAD(P) or production of NAD(P)
H can be easily monitored photometrically at 340 or 365
nm and is proportional to glucose concentration in the

specimen.
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HEXOKINASE
Glucose + ATP ————= Glucose-6-phopshate + ADP

GLUC-6-PD

Glucose-6-phopshate ‘T,‘T"‘\— 6-Phosphogluconate

NAD MNADH
NADH production measured photometrically at 340 nm

FIGURE 2a: Glucose measurement - hexokinase

Glucose oxidase - photometric and
amperometric

Both

measuring systems utilize the enzyme glucose oxidase.

laboratory-based and point-of-care glucose
This enzyme catalyzes the oxidation of glucose to

gluconic acid and hydrogen peroxide (FIGURE 2b).

The reaction can be monitored photometrically or
amperometrically. For photometric assays, the system
includes a second enzyme, peroxidase and one of a
number of chromogenic oxygen acceptors.

In the presence of peroxidase, hydrogen peroxide formed
from the action of glucose oxidase is split providing
the oxygen required to transform a colorless oxygen

acceptor (e.g. dianisidine) to its colored, oxidized form.

The intensity of the color (measured photometrically)
is directly proportional to glucose concentration. This
kind of reaction has been adapted for both automated
measurement in the laboratory as well as for point-of-

care test strips/glucose (reflectance) meters.

These test strips are comprised of several layers, the
top-most layer functioning to separate red cells from
plasma, so that although whole blood is applied, it is
only the glucose in plasma that filters through to the

analysis layer and measured.

GLUCOSE OXIDASE

Glucose + 0, + 2H,0 === Gluconic Acid + 2H,0,

Hydrogen peroxide production measured amperometrically
Oxygen consumption measured amperomefrically

PEROXIDASE
H,0, + o-dianisidine ——
colorless

o-dianisidine + H,O
oxidized (colored)
Oxidized colored dye measurement photometrically

FIGURE 2b: Glucose measurement - glucose oxidase
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The consumption of oxygen or production of hydrogen
peroxide that results from glucose oxidase action allows
amperometric measurement of glucose. The Yellow
Springs glucose analyzer, which continues to be used
in clinical laboratories, was the first to exploit this

methodology more than 30 years ago [17].

Glucose oxidase is immobilized on the membrane
of the measuring oxygen electrode contained in this

instrument.

Hydrogen peroxide, formed when glucose (in the
sample) comes in contact with the glucose oxidase
membrane, diffuses across a second membrane and is
oxidized at the platinum electrode.

The current generated is proportional to the glucose
concentration. The Analox glucose analyzer also
measures the effect of glucose oxidase amperomet-
rically, but in this case the oxygen electrode measures

the consumption of oxygen directly.

In both of these instruments the analytical process
necessitates pre-dilution of the sample to achieve
linearity across the concentration range, so that a

diluted sample is presented to the electrode.

By contrast the glucose-measuring electrode present in
blood gas and some other point-of-care analyzers allows

glucose measurement directly on an undiluted sample.

An important difference between these so-called
‘direct reading’ glucose electrodes and all other glucose
measuring systems is that they respond to the glucose in
the water of the specimen and measure glucose molality
(@amount of glucose per kilogram of water, mmol/kg
H20) [18], rather than molarity (amount of glucose per

liter of sample, mmol/L).

As the red cell membrane is freely permeable to
glucose, plasma and red cell glucose molality are the
same, so that the unmodified results from ‘direct
reading’ electrode instruments are the same whether
plasma or whole blood is used for analysis and results
are unaffected by hematocrit.
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Although molality is equal to activity and therefore the
more physiologically relevant measure of circulating
(191,

circulating glucose be measured and reported in terms

glucose concentration the convention that
of glucose concentration of the whole specimen
(mmol/L) demands that the measured molality results
from direct reading biosensors be converted to molarity

for reporting.

The conversion factor used takes account of the water
content of the sample, which for normal plasma is
approximately 0.93 kg/L and for whole blood is 0.84
kg/L.

If such a water correction factor is applied to the results
obtained from a direct reading electrode reported results
agree much more closely with those obtained using an

indirect electrode measuring system [19].

In the absence of water correction an approximate
difference of 18 % for whole blood and 6 % for plasma
glucose is to be expected; direct reading greater than
indirect reading electrode.

The miniaturization of electrodes has allowed the
development of test strips that incorporate the glucose
oxidase/oxygen electrode measuring system. This newer
technology is challenging the photometric technology that
has previously been the basis for point-of-care glucose test
strips. As is the case with older test strips, whole blood is
applied to the strip but plasma glucose is measured.

Glucose dehydrogenase - the HemoCue
analyzer

Glucose measuring systems based on glucose dehydro-
genase are fewer in number than those based on
glucose oxidase or hexokinase but the HemoCue
glucose analyzer is an example of one that does.

Glucose dehydrogenase enables the oxidation of
glucose to gluconolactone during which NAD is reduced
NADH (FIGURE 2¢). In the HemoCue system the NADH
formed reacts with tetrazolium salt MTT, to form a blue
colored compound formazan.
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This reaction is catalyzed by a second enzyme,
diaphorase. The production of formazan, which is
proportional to the glucose concentration of the sample,
is monitored photometrically at two wavelengths 660
and 840 nm. The analytical cycle includes hemolysis of

red cells prior to measurement.

GLUCOSE DEHYDROGENASE
—
Glucose Gluconolactone

NAD NADH
NADH production measured photometrically at 340 nm

DIAPHORASE
NADH + MTT — = Formazan
tetrazolium salt colored (blue)
colorless

Formazan production measured photometrically 660/840 nm

FIGURE 2c: Glucose measurement - glucose dehydrogenase

In summary glucose measuring systems differ in many
ways. Samples may be diluted, undiluted or hemolysed
prior to measurement. Although all are based on one
of three enzymes, fundamentally different measuring
systems (photometry, reflectance spectrometry, and

electrochemistry) are employed.

their

instruments using any one of several different ‘reference’

Manufacturers  of  test-strips  pre-calibrate

methodologies.

There is thus lack of consistency in calibration. Although
whole blood may be the sample applied to the system,
in some cases it is actually plasma glucose concentration
that is measured and/or reported.

Any of these variables may account, at least in part,
for observed differences in circulating glucose concen-

tration when comparing measuring systems.
The patient

Patient characteristics, outside of circulating glucose
concentration, can affect glucose results. Mention has
already been made of the variable effect that hematocrit

has on whole blood glucose concentration.
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This effect determines that a severely anaemic patient
with a low hematocrit (< 30 %) will have a falsely
elevated whole blood glucose concentration that
might mask hypoglycemia, whereas a patient with
polycythemia and marked increase in hematocrit (>
60 %) will have a falsely reduced whole blood glucose
concentration.

The magnitude of the effect of hematocrit is method
dependent, so that some measuring systems (e.g.
HemoCue, ‘direct reading’ glucose electrodes) are
virtually unaffected by hematocrit [20], whereas others
(Yellow Springs analyzer, some test strips) are associated
with significant changes in blood glucose concentration

due to abnormal hematocrit [21].

Some point-of-care glucose methods that depend on the
enzyme glucose oxidase are sensitive to marked changes
in oxygen tension [22]. Glucose may be underestimated
by up to 15 % in patients receiving oxygen therapy who
have high pO2 (> 13 kPa, 100 mmHg).

This underestimate is more likely if arterial or capillary

blood, rather than venous blood is used for analysis.

Severe hypotension, hypovolemia and resulting hypoper-
fusion, as is often seen in shocked critically ill patients,
can cause gross inaccuracy in glucose measurement if
capillary blood rather than venous or arterial blood are

used for analysis [23, 24].

Some have argued that capillary blood testing is so
unreliable in the critical care setting that only venous
or arterial blood should be used for glucose testing in
intensive care units where intensive insulin therapy is

part of standard care.
Summary

Circulating glucose concentration can be assessed
using a range of samples and variable technology. For
the most accurate interpretation of individual patient
results, due consideration should be given to the signif-

icance of these differences.
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Inaddition itisimportant to be aware that clinical features
unigue to the patient may also affect measured glucose.
Of the many factors that might confound interpretation
of patient results, the difference between whole blood
and plasma glucose concentration is probably the most
significant, so the decision by the IFCC to recommend
reporting all glucose results, irrespective of sample type
or measuring system, as plasma glucose concentration
[12] is to be welcomed.

Implementation will do much to harmonize glucose
testing and should prevent many of the most serious
errors of interpretation.

Investigation of discordance between glucose results
obtained at the point of care with results obtained in
the central laboratory must take account of sample
type, detail of measuring systems, characteristics of the
patient and possible ways in which each of these three

elements might interact to affect glucose result.
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