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LEARNING OBJECTIVES

Upon completion of this article the reader will be able:
1. To learn about the structure of the heparin molecule.
2. To understand how heparin prevents blood from
clotting.
3. To be aware of the different preparations of heparin that
are available and their therapeutic use.
. -To become familiar with how heparin is standardized.
. To become aware of the issues surrounding the use
of heparin as an in vitro anticoagulant for blood-gas
analysis.
..To compare the advantages/disadvantages between
liquid and lyophilized heparin in blood-gas analysis.
_To be aware that two types of error in the measureme
'mmzed calcium can occur as a result of using
,egannps an anticoagulant.

7 iag e ratia sl J_- : he use of zinc-lithium 3

The use of heparin
In preparing
samples for
blood-gas analysis

By Chris Higgins

he significance of good practice during the pre-testing

phase of clinical-laboratory investigation cannot be

overemphasized. The production of high-quality, accurate
results, which are clinically useful, depends as much on practice
before the patient’s sample reaches the laboratory as it does on
the analytical phase within the laboratory. There are few tests that
better exemplify this general truth than blood-gas analysis. Less
than scrupulous adherence to protocol for blood collection, as well
as that for the handling and timely transport of specimens, can
invalidate blood-gas results. This article addresses one aspect of
the pre-testing phase of blood-gas analysis: the use of heparin to
anticoagulate blood samples. The main focus will be the potential
errors in measurement of blood-gas analyzer parameters that can
arise as a result of the necessary addition of heparin to blood, and
how these can be avoided or at least minimized. The article begins
with a brief overview of heparin itself.

Heparin overview

Heparin is a naturally occurring anticoagulant present in all mam-
malian species, so called because it was first isolated in 1916 from
liver tissue.! It is synthesized in mast cells and basophils, and stored
in the secretory granules of these cells. Since mast cells are present
in many tissue types, heparin can be sourced from a range of extra-
hepatic tissues. Commercial preparations are now most commonly
derived from the mucosal intima of pig (porcine) intestine.

Structure

Heparin belongs to a family of complex carbohydrates, known as
the glycosaminoglycans (or mucopolysaccharides). In essence,
glycosaminoglycans are long unbranched chains of repeating
disaccharide units, each comprising an N-acetyl hexosamine and
either a hexose or hexuronic acid. Within this general format, many
different disaccharide subunits are possible; and these can be joined
in a multiplicity of sequences to a range of chain lengths. These
variables account for the great molecular heterogeneity displayed
by both glycosaminoglycans as a family and family members such
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as heparin. Heparin, then, is a heterogeneous “mixture” with re-
gard both to chain composition and chain length so that molecular
weight ranges from 3 kDa (kilodaltons) to 30 kDa (mean around
15 kDa). One of the features that distinguishes heparin from other
glycosaminoglycans is that it contains an unusually high proportion
of sulphated disaccharide units. A particular unique, highly sul-
phated pentasaccharide sequence that is present in 30% of heparin
molecules accounts for the anticoagulant effect of heparin.?

Anticoagulant action and therapeutic use

Heparin prevents blood from clotting because the unique penta-
saccharide sequence contained within its structure binds avidly to
antithrombin I11. Antithrombin I11 is a plasma protein that inhibits
blood clotting by binding to and, thereby, inhibiting the enzymic
action of several activated blood-clotting factors, including factors
Xla, Xa, IXa and lla (thrombin). The physiological function of
antithrombin I11, in common with other inhibitors of the blood-
clotting cascade, is to prevent in vivo blood clotting and, thereby,
maintain fluidity of blood within intact vessels. The effect of
heparin binding is to increase the activity of antithrombin I11
more than 1,000-fold.® As a consequence, fibrin formation by the
clotting cascade, a necessary requisite for blood-clot formation,
is prevented. This anticoagulant effect of heparin occurs both in
vitro and in vivo.

Since the late 1930s, the in vivo effect of administered heparin
to artificially lower the coaguability of blood has been used thera-
peutically.* It is not absorbed from the gastrointestinal tract, so it
must be administered by intravenous or subcutaneous injection.
Despite this limitation, heparin remains one of the most widely
prescribed antithrombotic drugs, used principally for the treatment
and prevention of venous thrombosis and pulmonary embolism.
Unfractionated heparin (UFH) presented as the sodium salt is the
traditional, once the only available form of heparin. In more re-
cent years, however, more refined low-molecular-weight heparin
preparations with mean molecular weight in the range of 3 kDa
to 5 kDa have replaced UFH (mean molecular weight around 15
kDa) as the drug of choice in many clinical contexts, principally
because these new preparations are associated with fewer adverse
side effects.> An even more recent development is a class of syn-
thetic heparin drugs based on analogues of the crucial antithrombin
I11-binding pentasaccharide sequence. Fondaparinux (Atrixia) is
the best established of these “synthetic heparin” drugs.

Standardization of heparins — salts of heparin

Heparin activity (concentration) is measured in either International
Units (1U) defined by the World Health Organization International
Standard,® or United States Pharmacopeia (USP) units. The USP
unit is defined as the amount of heparin that prevents 1.0 mL of
citrated sheep plasma clotting for one hour after addition of 0.2 mL
of 1% CaCl, solution.” This is of the order of 0.005-mg heparin.
There is a small (7% to 10%) difference between the 1U and USP
units,® and there are currently moves to harmonize the two.® Sodium
heparin is the naturally occurring salt of heparin used medicinally
and in the laboratory. Lithium heparin, which is used exclusively
in the laboratory as an in vitro anticoagulant, is prepared from
sodium heparin by cation-exchange chromatography.

In vitro use of heparin and blood-gas analysis

The in vitro anticoagulant action of heparin has been exploited in
the preparation of blood samples for laboratory chemical analysis
for well over 50 years. Most chemical analyses are performed on
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the liquid (non-cellular) portion of venous blood that is recovered
following centrifugation of blood. Anticoagulation allows imme-
diate separation of this liquid portion (plasma), thereby avoiding
delay of an hour or more, required for clot retraction, in separa-
tion of the liquid portion (serum) from blood that has no added
anticoagulant. The recommended method of anticoagulation for
most plasma-borne chemical analytes is lithium heparin at a final
heparin concentration of 10 USP units/mL to 30 USP units/mL
blood.® This is recognized to be an excess of heparin for effective
anticoagulation; and experience over several decades has demon-
strated that — at this concentration — addition of heparin has no
effect on a range of the most commonly requested blood analytes
(i.e., no clinically significant bias compared with serum). In this
instance, anticoagulation is not essential but provides a speedier,
more convenient means of sample recovery.

There are some blood tests, by contrast, that can only be per-
formed on a homogeneous whole-blood sample. For these tests,
which include pH, pCO, and pO,, the traditional parameters
measured by all blood-gas analyzers, an anticoagulated blood
sample is essential (unless analyzed within one to two minutes of
collection before the process of in vitro coagulation is sufficiently
underway),? and heparin in one form or another has always been
the anticoagulant of choice for blood-gas analysis. It is essential
that anticoagulation is complete, not only for ahomogeneous speci-
men necessary for accurate results, but also to avoid the presence
of microthrombi (not necessarily visible to the naked eye) that can
block the sample pathway of blood-gas analyzers.

To address the issues surrounding the use of heparin, itis useful
to take a historical perspective because new problems associated
with heparin use emerged over time as a result of the increased rep-
ertoire of tests available on modern blood-gas analyzers. Initially,
when the blood-gas analyzer repertoire was confined to blood gas
(pCO,, pO,) and pH measurement, samples for blood-gas analysis
were anticoagulated with sodium heparin solution

The early years — use of liquid sodium heparin solution

In 1960, Siggaard-Andersen determined that as long as the heparin
concentration in blood is maintained below 1 mg/mL (i.e., around
200 1U/mL blood), it has no effect on measured acid-base param-
eters (pH and pCO,). For every mg/mL of blood above this heparin
concentration, he showed that pH falls by 0.003 units and pCO,
rises by 0.1 mmHg (0.013 kiloPascal [kPa]).1° Since the heparin
concentration required to achieve anticoagulation is considerably
less than one mg/mL, and heparin in solution is easily mixed with
blood, sodium (and later lithium) heparin solution (1,000 1U/mL)
was adopted as the conventional means of anticoagulating arte-
rial blood for measurement of pH, pCO,, and pO,. Just 0.2 mL of
sodium (lithium) heparin (1,000 IU/mL) added to 5 mL of blood
will give a final heparin concentration of 40 IU/mL blood, suf-
ficient for anticoagulation.

The principle disadvantage of liquid heparin is a potential for
error if blood is over-diluted with heparin. This potential error is
due to the considerable difference in pH, pCO,, and pO, of liquid
heparin compared with that of arterial blood. Approximate values
for heparin solution are pH 6.4; pCO,, 7.5 mmHg (1 kPa), and
pO,, 160 mmHg (21 kPa), reflecting the fact that heparin is an
acidic solution in equilibrium with air. A number of studies!*
have examined the effect on measured blood pH, pCO,, and pO,
of increasing sample dilution with heparin.

In summary, these studies have demonstrated that measured pH

is resistant to this dilution effect. Even if heparin and blood are
Continues on page 18
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mixed in equal volumes (i.e., 50% dilution of blood), pH remains
constant, presumably due to the buffering capacity of blood. pO,
is also relatively resistant to the dilution effect. In some studies,
no effect on pO, was observed, while in others, an increase in pO,
was observed at high (35% to 50%) dilution. pCO, is the most
susceptible parameter. As long as dilution is less than 10% (e.g.,
0.5 mL heparin added to 5.0 mL of blood), pCO, is not significantly
affected, but dilutions above 10% are associated with an increas-
ingly significant decline in pCO, values. Results of one study*® are
representative. This demonstrated that if blood with pCO, of 51
mmHg (6.8 kPa) is diluted 10%, 20%, and 40%, measured pCO,
is reduced to 44 mmHg (5.9 kPa), 39.0 mmHg (5.2 kPa), and 31
mmHg (4.1 kPa), respectively. That is an approximate 1% decline
in pCO, for every 1% increase in dilution. Calculated acid-base
parameters, bicarbonate, and base excess that are derived from
measured pCO, are affected to the same magnitude.

It should be emphasized that the dilution effect described
above is not due to heparin per sebut, rather, to the fact that liquid
(equilibrated with ambient air) is being added to blood. Exactly
the same effect is seen if saline is added to blood.

To avoid the potential dilution errors in pCO, and pO, associ-
ated with the use of liquid heparin, it is important that the volume
of heparin is certainly less then 10% and preferably closer to 5%
or less of the total sample volume. This is achieved by ensuring
that syringes only contain sufficient heparin to wet the wall of the
syringe and fill the dead space occupied by the syringe hub. This
dead-space volume is around 0.1 mL for a standard 2.0-mL syringe
and adilution of 0.1 mL heparin (1,000 1U/mL) in 2.0 mL of blood
results in a dilution of 5% and a final heparin concentration of 50
1U/mL of blood.

The risk of error in pCO, and pO, measurement associated
with incorrect use of liquid sodium (or lithium) heparin is entirely
eliminated if samples are collected into a syringe containing ly-
ophilized (dried) heparin. The disadvantage of dried heparin is
that it is less easily mixed with blood, posing the theoretical risk
that its use is associated with incomplete anticoagulation unless
heparin concentration is increased.’® In a study comparing dried
with liquid sodium heparin at exactly the same concentration (33
IU/mL blood), however, there was no difference in measured pH,
pCO.,, or pO, and no difficulties of clotting were encountered with
the use of dried heparin.®

Extended test repertoire poses new challenges

Clinically demand-driven advances in technology allowed the de-
velopment of blood-gas analyzers capable of measuring a number
of additional chemical analytes (e.g., sodium, potassium, ionized
calcium, bilirubin, glucose) on the same arterial blood specimen
used to measure pH, pCO,, and pO.. It is now important that the
heparin used to anticoagulate blood-gas samples does not interfere
with only pH, pCO,, and pO,, but also does not interfere with
any of these additional analytes. Measurement of electrolytes,
particularly ionized calcium, posed a particular problem because
the conventional heparin preparations used to anticoagulate blood
for pH, pCO,, and pO, measurement cause significant errors in the
measurement of ionized calcium.

Heparin and ionized calcium

Two types of error in the measurement of ionized calcium can
arise as a result of using heparin as anticoagulant. The first is a
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straightforward dilution error, resulting from the use of conven-
tional liquid heparin preparations. The magnitude of the negative
bias in ionized calcium that results from the use of liquid heparin
is directly proportional to the dilution of blood by heparin and
can be as high as 5%.'" This error, which theoretically applies to
some extent to all analytes, is minimized by maintaining the ratio
of heparin to sample volume as low as is practicably possible. It
can with scrupulous technique be just 21 pL heparin: 2 mL blood
(i.e., 1% dilution). At this dilution, there is a small but almost
clinically insignificant bias in ionized calcium.'® A safer strategy
— which ensures that there can be no dilution error — is to use
dried (lyophilized) heparin. This is the strategy recommended
by Clinical and Laboratory Standards Institute (CLSI, formerly
NCCLS) guidelines.*

The second source of potential error arises as a result of the
calcium-binding property of heparin. Sodium (and lithium) hepa-
rin binding of calcium artefactually reduces the ionized calcium
concentration, the magnitude of the reduction being directly
proportional to the heparin concentration. A lithium heparin con-
centration of 15 IU/mL blood, for example, causes an approximate
0.03-mmol/L reduction in ionized calcium. This negative bias rises
to 0.15 mmol/L with a heparin concentration of 50 IU/mL and to
0.19 mmol/L if the heparin concentration is 100 1U/mL.*%

One of two basic strategies has been adopted to combat the
problem of calcium binding by lithium heparin:

m reducing the concentration of conventional lithium heparin, or

m abandoning conventional lithium heparin in favor of alternative
novel heparin products (calcium-balanced heparin, zinc heparin
and blended zinc/lithium heparin).

To reduce the negative bias in ionized calcium induced by hepa-
rin binding to insignificant levels, the lithium heparin concentration
must be less than the 10 1U/mL blood.?° Some experts, however,
caution that “... while 10 1U/mL heparin is clearly advisable to
minimize the side effects of heparin, it should be expected that this
low concentration might not eliminate the clotting process within
all analyzers. We have noted, with certain blood specimens, that
even concentrations as high as 150 1U/mL are insufficient.”? The
potential problem of inadequate anticoagulation associated with
the use of a low heparin concentration has spawned novel tech-
nology in which dried lithium heparin is prepared in a “puff” of
inert filler that disperses readily in blood following mixing. This
technology has been used in a commercial blood-gas sampler that
allows a lithium heparin concentration of just 2.8 1U/mL blood.
The approach has been validated in several trials*?? that showed
no bias in measured electrolytes (including ionized calcium) when
compared with blood without added anticoagulant.

Calcium (electrolyte) balanced heparin is a mixture of lithium
and sodium heparinates to which calcium chloride has been added,
so that the final ionized calcium concentration is 1.25 mmol/L,
the mid-point in the concentration range of ionized calcium for
healthy adults. This novel heparin preparation eliminates the
effect of calcium binding at a calcium concentration of 1.25
mmol/L, but as the concentration deviates from 1.25 mmol/L, a
slight (clinically insignificant) bias occurs.?*2> This bias is posi-
tive if the concentration is less than 1.25 mmol/L and negative if
the concentration is greater than 1.25 mmol/L. So, for example,
if the true ionized calcium concentration is 0.75 mmol/L, bias at
this concentration is +3% and measured ionized calcium would be

0.77 mmol/L. Conversely, if the true ionized calcium concentration
Continues on page 20
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is 2.5 mmol/L, bias is -2% and measured ionized calcium is 2.45
mmol/L. Around 90% to 95% of ionized calcium results lie in
the range of 0.9 mmol/L to 1.8 mmol/L, and for all results within
this range the bias is less than 2% and clinically acceptable. The
advantage of this approach is that the heparin concentration can
be relatively high (70 IU/mL blood) so that the risk of inadequate
anticoagulation is much reduced. Several studies®?2425 have
validated the use of calcium (electrolyte) balanced heparin for all
analytes measured on blood-gas analyzers. The addition of cal-
cium-containing anticoagulant to the sample renders it unsuitable
for total calcium determination in the laboratory.

The rationale for the use of zinc heparin is based on the prem-
ise that the heparin sites where calcium would normally bind
are occupied by zinc. This effectively reduces calcium binding
by heparin and, thereby, the associated error in ionized calcium
measurement. In fact, zinc heparin was shown to increase ion-
ized calcium slightly.?® Since lithium heparin decreases ionized
calcium by the same amount that zinc heparin increases it, a 1:1
blend of the two was trialed and shown to eliminate bias in ionized
calcium across the concentration range seen in health and disease.
It was also shown to have no effect on a range of other analytes,
including total calcium.?” Several studies have validated the use
of a zinc-lithium heparinate blend as a suitable anticoagulant for
blood-gas analysis.?2

Summary

Heparin is the only anticoagulant used to prepare samples for
blood-gas analysis. There are two ways in which heparin can inter-
fere with results. The first is high heparin concentration in blood,
and the second is heparin dilution of blood if liquid rather than dried
(lyophilized) heparin is used. Traditional blood-gas analytes (pH,
pCO2, and pO2) are less affected than electrolytes (particularly
ionized calcium), also measured on modern blood-gas analyzers.
The sample requirements as far as heparin is concerned are thus
less exacting if only pH, pCO2, and pO2 are to be measured. For
these analytes, it is still essential that the heparin (either sodium or
lithium) concentration is less than 200 1U/mL blood and that the
blood is not diluted more than 5%. The inclusion of electrolytes
in the test repertoire excludes the use of sodium heparin in favor
of lithium heparin. The inclusion of ionized calcium in the test
repertoire demands that the heparin should be lyophilized, and
the concentration should not exceed 10 1U/mL blood, unless a
specialized heparin that eliminates the effect of calcium binding
by heparin is used.

Whatever the heparin formulation, it is essential for accurate
results that the correct volume of blood is sampled to achieve a
correct heparin concentration (and dilution, if liquid heparin is
used), and that blood and anticoagulant are well mixed immedi-
ately after sampling. One of the most common practical problems
associated with blood-gas analysis is inadequate anticoagulation
and the formation of small blood clots that can block the sample
pathway of blood-gas analyzers and invalidate results. Inadequate
mixing of specimen with heparin is usually the problem. Clearly,
the lower the heparin concentration the greater is the risk that poor
mixing technique will give rise to inadequate anticoagulation and
the associated problems. [J
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As a freelance writer since 1993, Chris Higgins has become a regular contributor
to bloodgas.org, which provides practical information to help healthcare profes-
sionals deal with the daily issues surrounding blood gas and acute care testing.
He has a master’s degree in medical biochemistry and 20 years’ experience of
work in clinical laboratories, 10 of which were as a manager.

Editor’s note: Reprinted with permission from bloodgas.org, a knowledge web-
site sponsored and maintained by Radiometer. On bloodgas.org, international
experts and healthcare professionals share their knowledge and real-life experi-
ences, helping to ensure the quality, credibility, and relevance of the informa-
tion found on the site. Radiometer develops and produces advanced blood-gas
analyzers and other medical instruments, and gives special attention to providing
users with the skills and knowledge they need.
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