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Abstract

Background: The partial pressure of oxygen (pO,) in blood samples can affect glucose measurements with oxygen-sensitive
systems. In this study, we assessed the influence of different pO, levels on blood glucose (BG) measurements with five
glucose oxidase (GOD) systems and one glucose dehydrogenase (GDH) system. All selected GOD systems were indicated by
the manufacturers to be sensitive to increased oxygen content of the blood sample.

Materials and Methods: Venous blood samples of 16 subjects (eight women, eight men; mean age, 52 years; three with type 1
diabetes, four with type 2 diabetes, and nine without diabetes) were collected. Aliquots of each sample were adjusted to the
following pO, values: <45mm Hg, approximately 70 mm Hg, and >150mm Hg. For each system, five consecutive mea-
surements on each sample were performed using the same test strip lot. Relative differences between the mean BG value at a
PO, level of approximately 70 mm Hg, which was considered to be similar to pO, values in capillary blood samples, and the
mean BG value at pO, levels <45mm Hg and >150mm Hg were calculated.

Results: The GOD systems showed mean relative differences between 11.8% and 44.5% at pO, values <45mm Hg and
between —14.6% and —21.2% at pO, values >150 mm Hg. For the GDH system, the mean relative differences were —0.3%
and —0.2% at pO, values <45mm Hg and >150 mm Hg, respectively.

Conclusions: The magnitude of the pO, impact on BG measurements seems to vary among the tested oxygen-sensitive GOD
systems. The pO, range in which oxygen-sensitive systems operate well should be provided in the product information.

Background

SYSTEMS FOR SELF-MONITORING of blood glucose (SMBG)
use biosensors that facilitate the conversion of glucose in a
reaction that generates a signal (e.g., a current) proportional to
the glucose level in the blood sample. Usually the biosensor is
located within a capillary chamber on the test strip as a thin, dry
layer comprising a mixture of enzymes, mediators, and other
chemical components that react specifically with glucose.'”
The most commonly used enzymes in such biosensors are
glucose oxidase (GOD) and glucose dehydrogenase (GDH).
Because oxygen is the physiological electron acceptor of
GOD, systems that use a GOD enzyme reaction on test strips
(hereafter denoted as GOD systems) are in principle prone to
oxygen interferences (Fig. 1).>> To minimize the oxygen de-
pendency of GOD systems, the biosensors usually contain a
nonphysiological electron acceptor (mediator), such as ferro-
cene, ferricyanide, or a conducting organic salt (Fig. 1).> The
properties of the utilized mediator, for example, stability, ki-
netics, and ability to compete with oxygen, are an important

aspect concerning the level of elimination of the GOD sys-
tems’ oxygen dependency.*” However, detailed information
concerning the components and electrochemical reaction of
biosensors of currently available SMBG systems is limited.
In contrast to GOD systems, those that use a GDH en-
zyme reaction on test strips (denoted hereafter as GDH
systems) are—due to the nature of the chemistry used—
oxygen insensitive.**™®

Previous investigations have shown that increases of the
partial pressure of oxygen (pO,) in blood samples result in
considerable measurement bias of some oxygen-dependent
GOD systems.” " Over- or underestimated blood glucose
(BG) values of a given SMBG system can result in undetected
hypo- or hyperglycemic events and may adversely affect
therapeutic decisions.

In this study, we investigated the influence of different pO,
levels on BG measurements with five GOD systems and one
GDH system. All selected GOD systems were indicated by the
manufacturers to be sensitive to increased oxygen content of
the blood sample.
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A Basic enzyme reactions

Glucose dehydrogenase:

Glucose oxidase: Glucose + O,

B Reactions on test strips

Glucose Enzyme-Coenzyme,,

Gluconolactone Enzyme-Coenzyme,g

Glucose GOD-Coenzyme,,

Gluconolactone GOD-Coenzyme, 4

157

GDH

B-D-Glucose + NAD* ——  Gluconolactone + NADH + H*

GOD
— Gluconolactone + H,0,

Mediator,4

Mediator,,
(electron acceptor)
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FIG. 1. (A) Basic enzyme reactions. (B) Reaction on test strips (modified from multiple sources'™*”®). In current self-
monitoring of blood glucose systems, the enzyme (glucose oxidase [GOD] or glucose dehydrogenase [GDH]) and its
coenzyme catalyze the oxidation of glucose. A mediator is used as electron acceptor that transfers electrons from the enzyme-
coenzyme complex to the electrode (reaction 1). Because oxygen is the physiological electron acceptor for the GOD enzyme, it
is possible that O, competes with the mediator (reaction 2). In GOD-based self-monitoring of blood glucose systems,
increased or decreased O, concentrations may result in underestimated (overestimated) blood glucose concentrations. ox,

oxidized; red, reduced.

Materials and Methods

This study was performed in December 2012 in com-
pliance with the German Medical Devices Act at the
Institut fiir Diabetes-Technologie Forschungs- und En-
twicklungsgesellschaft mbH an der Universitit Ulm, Ulm,
Germany. The study protocol was approved by the respon-
sible ethics committee, and the relevant authority was noti-
fied. Informed consent forms were signed by all subjects prior
to the study commencing. Sixteen subjects were included in
this evaluation (eight women, eight men; mean age, 52 years
(range, 24-76 years): three with type 1 diabetes, four with type
2 diabetes, and nine subjects without diabetes. Because it was
expected that having diabetes or not has no influence on the
measurement quality of the systems investigated, subjects
were selected independent from having diabetes or their di-
abetes type. The subjects’” anamnesis and medication were
reviewed by a physician and compared with interfering
substances indicated in the manufacturers’ labeling.

BG monitoring systems

In this study, five electrochemical GOD systems (systems
1-5) and one electrochemical GDH system (system 6) from six
different manufacturers were evaluated. In the test strip
package inserts for the GOD systems it is stated that these
systems are intended for BG measurements on capillary blood
and, additionally, that measurement results can be affected

by high blood oxygen concentrations or in patients receiving
oxygen therapy.

All SMBG systems studied were purchased from pharma-
cies. The systems were stored, used, and maintained in com-
pliance with the manufacturers’ instructions. In addition,
control measurements were performed daily, as indicated by
the manufacturers, prior to the experimental procedure and
for each test strip vial.

Sample preparation and measurement procedure

In this study, which required a large blood volume, venous
blood samples were adjusted to different pO, levels in order
to assess the influence of the different pO, values on BG
measurement results.

Test procedures were performed by trained personnel in a
laboratory setting with controlled room temperature (20-
23°C) and humidity (31-44%). A venous blood sample from
each of the 16 subjects was collected in lithium heparin tubes.
The hematocrit value of the blood sample was determined in
duplicate by using heparinized capillaries in order to ensure a
hematocrit value within the range indicated in the manufac-
turers’ labeling. For this purpose, capillary tubes were
centrifuged, and the hematocrit value was determined using
an alignment chart. Hematocrit values among the 16 subjects
ranged between 38% and 54.5%.

The pO, values of the samples were analyzed by using a
blood gas analyzer (OPTI™ CCA-TS analyzer; OPTI Medical
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Systems, Inc., Roswell, GA). For the preparation of test
samples with three different pO, levels, three aliquots of the
venous blood sample were collected in one syringe each
(approximately 2.5mL). Samples with the following pO,
levels were prepared: approximately 70 mm Hg, which was
considered to be similar to pO, values in capillary blood
samplesu’w; <45mm Hg (further also referred to as “low”);
and 2150 mm Hg (further also referred to as “high”). Be-
cause the initial pO, values of the venous blood samples,
which were determined immediately after sample collection,
ranged between 26 mm Hg and 40 mm Hg, pO, adjustment
was not required for samples designated for pO, values
<45 mm Hg. The syringe with the sample designated for pO,
values <45mm Hg was deaerated, sealed airtight, and
placed on a rotating mixer for sample incubation until the
measurement procedure with the BG systems was per-
formed. To achieve blood samples with pO, values of
approximately 70mm Hg and >150 mm Hg, a volume of
1-3mL of air was added to the samples in the syringe before
being airtight-sealed and incubated on a rotating mixer.
During incubation, the pO, values of all samples were
checked repeatedly. For samples designated for approxi-
mately 70mm Hg and >150mm Hg, the syringe was de-
aerated as soon as the desired pO, value was reached in
order to prevent any further pO, increase.

The glucose measurement procedure with all SMBG sys-
tems was performed immediately after the sample had
reached the designated pO, value. The glucose level in each
sample was measured with all six test systems. For each
system, five consecutive measurements on a given blood
sample were performed using the same test strip lot. In order
to measure a blood sample as quickly as possible (to ensure
nearly constant pO, values), five different meters were used
for each system. Before and after the glucose measurements
with the SMBG systems, samples for measurements with the
laboratory glucose analyzer were collected, hemolyzed, de-
proteinated (in test tubes containing perchloric acid), and
centrifuged. The supernatants were transferred to fresh tubes,
stored at —20°C, and measured using a hexokinase method
(cobas® 6000 ¢501; Roche Diagnostics GmbH, Mannheim,
Germany). BG measurement results with this laboratory
method ranged between 82 and 206 mg/dL.

SCHMID ET AL.

In addition, the pO, of the blood samples was also deter-
mined immediately before and after the glucose measure-
ments with the SMBG systems in order to ensure nearly
constant pO, values of a sample during the measurement
series. The 16 samples could be adjusted to the following
mean pO, values:

e samples designated to pO, values approximately
70mm Hg: 73.5 mm Hg, ranging from 69 to 81 mm Hg

e samples designated to pO, values <45mm Hg:
32.6mm Hg, ranging from 27 to 41 mm Hg

* samples designated to pO, values >150mm Hg:
165.5mm Hg, ranging from 153 to 184 mm Hg

The maximal pO, change during the measurement proce-
dure was < 6%, which we considered to be sufficiently stable.

Data analysis

Data management and evaluation were performed at the
study site. Assessment of pO, effects on the systems’” mea-
surements results was performed with descriptive statistics.

For each of the 16 samples, normalized relative differences
between the mean BG value (five consecutive measurements
per sample) of a system at “high” or “low” pO, values and the
mean BG value of that system at a pO, value of approximately
70mm Hg were calculated. Changes in laboratory method
results were also accounted for:

Sy —Ly+Lz— Sz

x100 (in %
S0 (in %)

dnorm =

where S, is the mean BG value for a specific SMBG system at
PO, n (“low”; approximately 70 mm Hg; “high”), L, is the
mean laboratory method result at pO, n (“low”; approximate-
ly 70mm Hg; “high”), L is the mean laboratory method
result at pO, approximately 70 mm Hg, Sy, is the mean BG
value for a specific SMBG system at pO, approximately
70mm Hg, and d,,o;m is the normalized relative difference.
By applying this equation, the normalized relative differ-
ence at pO, value approximately 70 mm Hg was set to 0. This
was done because all tested systems were intended for use
with capillary blood samples, and pO, values approximately
70 mm Hg (ranging from 69 to 81 mm Hg in this study) were

TABLE 1. MEAN NORMALIZED RELATIVE DIFFERENCES OF THE GLUCOSE OXIDASE SYSTEMS 1-5 AND THE GLUCOSE
DEHYDROGENASE SYSTEM 6 AT PARTIAL PRESSURE OF OXYGEN VALUES <45 MM HG AND >150 mM Hc

GOD systems

System 1 System 2 System 3 System 4 System 5 GDH system (system 6)

Relative differences pO,<45mm Hg

Mean 30.2% 11.8% 44.5% 24.9% 29.7% —-0.3%

SD 9.2% 5.0% 16.2% 6.6% 10.1% 2.4%

Minimum 12.6% 5.5% 20.9% 16.0% 15.2% -0.1%

Maximum 43.4% 26.1% 71.5% 36.2% 50.2% -5.6%
Relative differences pO,>150 mm Hg

Mean —-20.2% —14.6% -21.2% —-17.3% —-15.8% -0.2%

SD 5.8% 3.8% 5.2% 4.6% 6.3% 1.5%

Minimum -11.5% -8.1% -13.0% -10.2% -7.2% -0.1%

Maximum -33.0% -21.5% -30.4% -26.5% -27.1% -3.3%

There were 16 samples each, five measurements per sample.

GDH, glucose dehydrogenase; GOD, glucose oxidase; pO,, partial pressure of oxygen.
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considered to be similar to pO, values in fresh capillary blood
samples.'>'?

For each BG system and each pO, level, the normalized
relative difference of each of the 16 samples (five measure-
ments per sample) was calculated. In addition, the mean value
over all 16 normalized relative differences was calculated.

Results

Among the GOD systems 1-5, the mean normalized rela-
tive differences at “low” pO, values were between 11.8% and
44.5% (Table 1); the highest variation of mean normalized
relative differences was found in system 3, ranging from
20.9% to 71.5% (Table 1 and Figs. 2 and 3). Regarding pO,
values >150 mm Hg, mean normalized relative differences
were between —14.6% and —21.2%; the highest variation was
found in system 1, with mean normalized relative differences
ranging from —11.5% to —33.0% (Table 1 and Figs. 2 and 3).
For the GDH system (system 6), the mean relative differences
were —0.3% at pO, values <45mm Hg and —0.2% at pO,
values =150 mm Hg.

Discussion

In this study, the influence of different blood pO, levels on
BG measurement results was investigated in five GOD sys-
tems and one GDH system. All investigated GOD systems
were affected by “high” and “low” pO, values of the blood
sample. Because oxygen is not involved in the electrochemical
reaction catalyzed by GDH, an influence of the samples’ pO,
values on measurement results was not expected, and actually
the GDH system was not affected by the pO, value of the
sample.

The pO; level of approximately 70 mmHg was considered
to be similar to pO, values in capillary blood samples.'*"?
Low pO, values can be found in patients with respiratory
diseases or at high altitude (e.g., hiking, mountaineering,
during air travel).'*'? Increased pO, values can occur in pa-
tients requiring artificial respiration.”!"*

In this study, at “high” pO, values the GOD systems
showed a negative bias for the measurement results com-
pared with those at pO, values approximately 70 mm Hg.
This is in line with several other studies reporting that some
GOD systems underestimate BG values when measurements
were performed on blood samples with increased pO, val-
ues.>*!12! In such studies, measurements on adjusted venous
blood samples with pO, values >100 mm Hg or in critically ill
patients/patients undergoing surgery with increased arterial
pO;, values up to approximately 600 mm Hg resulted in a
negative bias. Probably, the competition between dissolved
oxygen in the blood sample and the electron acceptor on the
biosensor of test strips leads to a diminished chemical reaction
when the blood samples’ pO, value is increased.”* Therefore,
in patients with increased pO, values, the use of oxygen-
dependent SMBG systems is not recommended.”®

Information concerning the influence and clinical impact of
decreased pO, values on oxygen-sensitive GOD systems is
limited. Mahoney et al.? argued that low pO, values of ve-
nous blood samples can result in a positive bias of the mea-
surement results with oxygen-sensitive systems intended for
pO, values in capillary blood samples. Previous studies in-
vestigated the influence of high altitude, which is also char-
acterized by decreased pO, values, on BG measurement
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results. However, results of these studies are conflicting and
difficult to interpret; most of the available data were either
obtained with older-generation systems, or the evaluation
procedures were not described in detail.****” In our study, a
considerable influence of “low” pO, values on the investi-
gated GOD systems was found to give a positive bias on the
measurement results compared with those at pO, values ap-
proximately 70 mm Hg.

Low pO, values can occur in daily life conditions of people
with diabetes, for example, in patients with respiratory dis-
eases or during activities at higher altitudes or during air
travel. During long-distance flights, conditions in commercial
aircraft cabins correspond to an altitude of approximately
2,400m for many hours.'®"” The decreased ambient pO, at
such altitude can lead to decreased arterial pO, values of
about 55-65mm Hg.'” " In such conditions BG measure-
ments with oxygen-sensitive systems might bear a risk that
hypoglycemic events might not be detected in time.

This evaluation was performed in a controlled laboratory
setting, in which other interfering factors were reduced to a
minimum. However, the study has limitations that should be
considered when interpreting the results. The five GOD
systems are labeled for use with capillary blood only. Ac-
cording to clause 6.4 of the International Organization for
Standardization (ISO) 15197:2013 standard,®® in which the
preferred sample material for interference testing is venous
blood, venous blood was adjusted to different pO, levels in
order to evaluate the impact of the blood samples’” pO, on BG
measurement results. The results indicate that different
blood oxygen contents affect BG measurements with oxygen-
sensitive GOD systems.

Having diabetes or not was not expected to influence this
study’s results, and thus subjects were selected independent
from having diabetes or not. However, verification of this
assumption was not performed on the study data as
the number of subjects did not allow for proper subgroup
analyses.

All GOD systems tested in this study were indicated by the
manufacturers to be potentially affected by increased oxygen
concentrations of the blood sample or in patients who are
receiving oxygen therapy; hence, a dependence of the sam-
ples” pO, on measurement results was expected. However,
the results of this study indicate that the extent of the pO,
effects varies among these systems. One main reason that
determines the occurrence and extent of pO, effects is the
electrochemical composition of the biosensor. Some manu-
facturers might have designed the GOD enzyme reaction of
their system to be less or even not affected by oxygen. How-
ever, for most oxygen-sensitive labeled BG monitoring sys-
tems, detailed information concerning the pO, limits of the
system is not provided. In particular, information about a
possible interference associated with conditions of decreased
oxygen content in the blood sample that could prevent the
timely detection of hypoglycemia is missing.

Recently, the ISO*® published a revision of the standard EN
ISO 15197:2003, the ISO 15197:2013, in which requirements for
SMBG systems are specified. In this revision, it is prescribed
that interference effects shall be described in the instructions
for use if the average difference between the test sample and
the control sample exceeds 10 mg/dL (10%) for glucose con-
centrations <100mg/dL (=100mg/dL). In addition, it is
claimed that the conditions required to obtain accurate
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measured values shall be specified if the system is affected by
environmental factors, such as oxygen.

In this context it should be mentioned that other clinically
relevant conditions and factors (e.g., temperature, hematocrit,
interfering drugs [e.g., acetaminophen, salicylates]) can also
have a profound influence on BG measurements. A detailed
description of all interfering substances and relevant condi-
tions would enable a suitable and informed decision when
choosing SMBG systems for a specific setting or a specific
group of patients.

Conclusions

The magnitude of the pO, effects on BG measurement re-
sults seems to vary among oxygen-sensitive SMBG systems,
particularly at decreased pO, values. To ensure an adequate
use of oxygen-sensitive systems in daily life conditions of
patients with diabetes, the pO, range in which the systems
operate well should be investigated further and should be
provided in the product information.
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