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Abstract

Background:
Partial pressure of oxygen (pO2) in blood samples can affect blood glucose (BG) measurements, particularly in 
systems that employ the glucose oxidase (GOx) enzyme reaction on test strips. In this study, we assessed the 
impact of different pO2 values on the performance of five GOx systems and one glucose dehydrogenase (GDH) 
system. Two of the GOx systems are labeled by the manufacturers to be sensitive to increased blood oxygen 
content, while the other three GOx systems are not.

Methods:
Aliquots of 20 venous samples were adjusted to the following pO2 values: <45, ~70, and ≥150 mmHg. For each 
system, five consecutive measurements on each sample aliquot were performed using the same test strip lot. 
Relative differences between the mean BG results at pO2 ~70 mmHg, which is considered to be similar to pO2 
in capillary blood samples, and the mean BG result at pO2 <45 and ≥150 mmHg were calculated.

Results:
For all tested GOx systems, mean relative differences in the BG measurement results were between 6.1% 
and 22.6% at pO2 <45 mmHg and between -7.9% and -14.9% at pO2 ≥150 mmHg. For both pO2 levels, relative 
differences of all tested GOx systems were significant (p < .0001). The GDH system showed mean relative 
differences of -1.0% and -0.4% at pO2 values <45 and ≥150 mmHg, respectively, which were not significant.

Conclusions:
These data suggest that capillary blood pO2 variations lead to clinically relevant BG measurement deviations in 
GOx systems, even in GOx systems that are not labeled as being oxygen sensitive.
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Introduction

Today, many available systems for self-monitoring of blood glucose (SMBG) utilize a glucose oxidase (GOx) enzyme 
reaction on test strips (hereafter denoted GOx systems). It is widely known that GOx systems are prone to oxygen 
interference, as oxygen is the physiological electron acceptor of GOx.1–4 In order to minimize oxygen dependency, 
biosensors of these systems usually contain a nonphysiological electron acceptor (mediator).1,2,5 The characteristics of  
the mediator, e.g., stability, kinetics, and ability to compete with oxygen, are important aspects with regard to the 
extent of oxygen dependency.1,2

Other SMBG systems employ a glucose dehydrogenase (GDH) enzyme reaction on test strips (hereafter denoted GDH 
systems). Since oxygen is not involved in the electrochemical reaction catalyzed by GDH, these systems are oxygen 
insensitive.6

The influence of the blood sample’s partial pressure of oxygen (pO2) on blood glucose (BG) measurement results has 
received attention mainly in studies that are concerned with the clinical performance of portable glucose monitoring 
systems in critically ill patients with high and unpredictably varying blood pO2 values.7,8 In these studies, GOx systems 
underestimated BG values when the blood samples’ pO2 was >100 mmHg. 

Information concerning the influence and clinical impact of decreased pO2 values on GOx systems’ measurement 
results is limited. Decreased pO2 levels can be expected, e.g., during long-distance flights or in patients with respiratory 
diseases.9–13 In addition, for many GOx systems, detailed information, i.e., the pO2 range in which the system operates 
well, is not provided in the manufacturers’ labeling. 

In one study, we found that the impact of different pO2 levels on BG measurements considerably varies among GOx 
systems that were labeled to be sensitive to increased oxygen content of the blood sample.14 In this study, we investigated 
whether GOx systems, which, according to the manufacturer, are not oxygen sensitive, are affected by the pO2 value 
of the blood sample. For this purpose we assessed the influence of different pO2 levels on BG measurements with three 
such GOx systems in comparison with two GOx systems that are labeled as being sensitive to increased blood oxygen 
content and one GDH system.

Materials and Methods
The study was conducted in June 2013 in compliance with the German Medical Devices Act at the Institut für Diabetes-
Technologie Forschungs- und Entwicklungsgesellschaft mbH an der Universität Ulm, Ulm, Germany. The study protocol 
was approved by the responsible ethics committee. Informed consent forms were signed by all participants prior to 
the study procedures.

Subjects
In this study, 26 subjects were enrolled. Twenty subjects were included in the evaluation [10 female, 10 male; mean age  
47 years (range 24 to 65 years); 17 subjects with type 1 diabetes, 2 subjects with type 2 diabetes, and 1 subject without 
diabetes]. For six subjects with initial pO2 values ≥45 mmHg, sample preparation, measurement procedures, and 
data analysis were not performed (as described later). The subjects’ anamnesis and medication were reviewed and 
compared with interfering substances indicated in the manufacturers’ labeling.

Blood Glucose Monitoring Systems
In this study, five GOx systems (systems 1 to 5) and one GDH system (system 6) from six different manufacturers 
were evaluated. All systems were purchased from pharmacies.

In the test strip package insert of GOx system 1, it is labeled that in patients receiving oxygen therapy, falsely low 
BG values can be measured. For GOx system 2, it is stated that high oxygen concentrations in the blood sample 
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can lead to lower measurement results. Glucose oxidase systems 1 and 2 were further also referred to as “systems 
with labeled oxygen sensitivity,” although only the influence of increased pO2 is mentioned in their package inserts.  
For GOx systems 3, 4, and 5, potential influences of pO2 on measurement results are not indicated in their respective 
user manual or in the package insert of test strips. Glucose oxidase systems 1 and 2 as well as the GDH system had 
also been evaluated in a previous study focusing on pO2 influences on BG measurements.14

All systems were stored, used, and maintained in compliance with the manufacturers’ instructions. Control measurements 
were performed daily prior to the experimental procedure and for each test strip vial.

Sample Preparation and Measurement Procedure
Sample preparation and test procedures were performed by trained personnel in a laboratory setting with controlled 
room temperature (20–24 °C) and humidity (39–54%).

Although capillary blood is the intended sample for BG measurements with all five tested GOx systems, in this study, 
venous blood samples were used for the assessment of potential influences of different pO2 values on BG measurement 
results. The study procedure required a larger blood volume, and in addition, for the adjustments of different pO2 
values, blood samples with initial pO2 values <45 mmHg were required (venous blood pO2 values are usually around 
40 mmHg).15

Three aliquots of each blood sample were adjusted to the following three pO2 levels: ~70 mmHg, which is considered 
to be similar to pO2 values in capillary blood samples;16,17 <45 mmHg, also referred to as “low”; and ≥150 mmHg,  
also referred to as “high.” For this purpose, a venous blood sample from each of the 26 subjects was collected in a 
lithium heparin tube. Immediately after sample collection, the initial pO2 value was determined by using a blood gas 
analyzer (OPTI™ CCA-TS Analysator, OPTI Medical System Inc., Roswell, GA). The blood gas analyzer was maintained, 
handled, and controlled according to the manufacturer’s labeling. Additionally, regular internal and external quality 
control measurements were performed, as required by the German national guidelines.18

Since the adjustment of samples designated for pO2 values <45 mmHg was not intended, only samples with initial 
pO2 values <45 mmHg (n = 20) were included and evaluated. For six subjects with initial pO2 values between 46 and 
66 mmHg, sample preparation and measurement procedures were not performed.

After determination of the initial pO2, 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 specified by the manufacturers. For this  
purpose, the capillaries were centrifuged and the hematocrit values were determined using an alignment chart. 
Hematocrit values of the 20 test samples were between 35.0% and 47.5%.

For the preparation of test samples with three different pO2 levels (as described earlier), three aliquots of the venous 
blood sample were collected in one syringe each (~2.5 ml). Since the initial pO2 values of the 20 venous blood samples 
(as described earlier) ranged between 21 and 41 mmHg, pO2 adjustment was not performed for the aliquot designated 
for pO2 values <45 mmHg. The syringe with this test sample was immediately deaerated, sealed airtight, and placed 
on a rotating mixer for sample incubation until the measurement procedure with the SMBG systems was performed. 
To achieve blood samples with pO2 values ~70 and ≥150 mmHg, a volume of up to ~3 ml of air was added to the 
aliquots in the syringe before being sealed airtight and incubated on a rotating mixer. During incubation, the pO2 
values of these samples were checked repeatedly, and the syringe was deaerated as soon as the desired pO2 value was 
reached in order to prevent any further pO2 increase.

Glucose measurements in these blood samples were performed with all SMBG systems after the blood had reached 
the designated pO2 value. For each of the six systems, five consecutive measurements on a given blood sample were 
performed using the same test strip lot. In order to maintain pO2 values and BG levels as constant as possible, 
blood samples were measured as quickly as possible by using five different meters per system. Before and after the 
measurements with the SMBG systems, samples for measurements with a standard laboratory glucose analyzer were 
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collected and centrifuged. The plasma was then separated, and glucose was measured by using a hexokinase method 
(cobas c111, Roche Instrument Center, Rotkreuz, Switzerland); glucose measurement results ranged between 82 and  
179 mg/dl. During the adjustment of the samples’ pO2 values, small changes in the glucose concentrations were possible, 
resulting in slight differences between samples with <45, ~70, and ≥150 mmHg generated from one initial sample. 
The laboratory method was used primarily for compensation of these differences. It was not intended to compare the 
measurement results of SMBG systems with the laboratory device (see equation).

The pO2 of the blood samples was also determined immediately before and after the measurements, with the SMBG 
systems showing a maximum pO2 change during the measurement procedure of ~12%. For the 20 venous blood samples, 
the following mean pO2 values were achieved:

pO2 level ~70 mmHg: 71 mmHg, ranging from 68 to 77 mmHg;

pO2 level <45 mmHg: 30 mmHg, ranging from 21 to 41 mmHg;

pO2 level ≥150 mmHg: 164 mmHg, ranging from 152 to 180 mmHg.

Data Analysis
Data management and evaluation were performed at the study site. 

For each of the 20 samples, normalized relative differences between the mean BG value (five consecutive measurements 
per sample) of a given SMBG system at pO2 values <45 and ≥150 mmHg and the mean BG value of that system at a 
pO2 value ~70 mmHg were calculated, taking the differences in laboratory analyzer measurement results into account 
(see equation).

dnorm = 
Sn – Ln + L70 – S70

S70
 × 100 in %,

where Sn is the mean BG value for a specific SMBG system at pO2 n (n = “low,” “~70 mmHg,” or ”high”), Ln is the  
mean laboratory method result at pO2 n (n = “low,” “~70 mmHg,” or “high”), L70 is the mean laboratory method 
result at pO2 ~70 mmHg, S70 is the mean BG value for a specific SMBG system at pO2 ~70 mmHg, and dnorm is the 
normalized relative difference.

By applying this equation, the normalized relative difference at pO2 value ~70 mmHg was set to zero. This was done 
because all tested GOx systems are intended for use with capillary blood samples, and pO2 values ~70 mmHg are 
considered to be similar to pO2 values in fresh capillary blood samples.16,17 

For each SMBG system and each pO2 level, the normalized relative difference of each of the 20 samples (five measure-
ments per sample) was calculated (Figures 1 and 2). The mean value over all 20 normalized relative differences was 
also calculated (Table 1).

Sample size was calculated based on data of a previous study, a level of significance of α = 0.05/12 and 90% power, 
corresponding to a Bonferroni adjustment for 12 statistical tests. The estimated sample size was below 20; however,  
20 subjects were scheduled in order to obtain more stable estimates for effect sizes. To assess whether normalized relative 
differences were significantly different from zero, two-tailed one-sample t-tests were used. The resulting p-values were 
adjusted according to Bonferroni (padjusted = min (12 pnonadjusted, 1)).

Results
With pO2 values <45 mmHg, the mean normalized relative differences among the GOx systems that are indicated to 
be oxygen sensitive were 11.2% (system 1) and 22.6% (system 2; Table 1). The GOx systems not indicated to be oxygen 
sensitive (systems 3, 4, and 5) showed mean normalized relative differences of 19.1%, 6.1%, and 18.0%, respectively.  
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Figure 1. Normalized relative differences at pO2 values <45 and ≥150 mmHg are displayed for the respective BG concentration (20 samples each,  
5 measurements per sample). Normalized relative differences at pO2 value ~70 mmHg were set to zero (see Data Analysis).

With pO2 values ≥150 mmHg, the differences with systems 1 and 2 were -14.2% and -14.9%, respectively, while systems 
3, 4, and 5 showed differences of -12.6%, -7.9%, and -12.8%, respectively. For all tested GOx systems, the relative 
differences at pO2 values <45 and ≥150 mmHg (Figures 1 and 2) were different from zero (padjusted < .0001).

The GDH system showed mean relative differences of -1.0% at pO2 values <45 mmHg and -0.4% at pO2 values  
≥150 mmHg. Relative differences at pO2 values <45 and ≥150 mmHg (Figures 1 and 2) were not different from zero 
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Figure 2. Normalized relative differences of BG measurements are 
plotted for pO2 values <45 and ≥150 mmHg, respectively (20 samples 
each, 5 measurements per sample). Normalized relative difference 
at pO2 value ~70 mmHg were set to zero (see Data Analysis). For 
systems 1 and 2, sensitivity to increased blood pO2 was labeled in the 
package inserts. For systems 3, 4, and 5, potential influences of pO2 on 
measurement results were not indicated in their user manual/package 
inserts.

(pO2 values <45 mmHg,  padjusted = .1505 and pnonadjusted = 
.0125; ≥150 mmHg, padjusted = 1 and pnonadjusted = .2483).

Discussion
In the present study, we investigated the influence of 
different pO2 levels on BG measurements with three GOx 
systems that are not labeled by the manufacturer as being 
oxygen sensitive, two GOx systems that are labeled to 
be sensitive to increased blood oxygen content, and one 
GDH system. The influence of different pO2 levels on 
measurements was assessed for each system individually, 
and thus the study’s results are not suitable for a direct 
comparison of the measurement performance between 
the evaluated systems. The study was performed in a 
controlled laboratory setting, in which other interfering 
factors were reduced to a minimum.

Our results show that BG measurements with all tested 
GOx systems are affected by pO2 values <45 and ≥150 mmHg 
in the blood sample.

Table 1.
Mean Normalized Relative Differences of GOx Systems 1–5 and GDH System 6 at pO2 Values <45 and ≥150 
mmHg (20 Samples Each, 5 Measurements per Sample)a

Oxygen sensitivity

GOx systems
GDH system

Labeledb Not labeledc

System 1 System 2 System 3 System 4 System 5 System 6

Relative differences pO2 <45 mmHg

Mean 11.2% 22.6% 19.1% 6.1% 18.0% -1.0%

Standard deviation 3.8% 6.2% 8.7% 2.3% 6.4% 1.7%

Minimum 4.0% 10.6% 4.7% 3.0% 7.4% -0.2%

Maximum 19.2% 32.1% 37.9% 13.0% 29.0% -4.5%

padjusted <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1505

Relative differences pO2 ≥150 mmHg

Mean -14.2% -14.9% -12.6% -7.9% -12.8% -0.4%

Standard deviation 3.8% 3.8% 3.0% 2.0% 4.8% 1.6%

Minimum -7.7% -8.0% -6.8% -5.1% -6.5% 0.6%

Maximum -24.3% -23.2% -17.3% -14.4% -28.9% -3.4%

padjusted <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 1.0
a The p values adjusted according to Bonferroni show whether normalized relative mean differences were significantly different from zero.
b Sensitivity to increased blood pO2 was labeled in the package inserts.
c Potential influences of pO2 on measurement results were not labeled in the user manual/package inserts.

These results are in agreement with a previous study14 in which the two GOx systems labeled to be oxygen sensitive 
and the GDH system had also been evaluated: GOx systems that were labeled to be sensitive to increased pO2 levels 
showed underestimated results at pO2 values ≥150 mmHg and overestimated results at pO2 values ≤45 mmHg. 
Measurement results of the oxygen-insensitive GDH system were not affected by the pO2 value of the sample.
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In the current study, both GOx systems labeled as being sensitive to oxygen showed differences >±10% when 
measurement results at “high” and “low” pO2 were compared with measurement results at pO2 ~70 mmHg. 
Interestingly, similar results were found for two of the three tested GOx systems that are not labeled by the 
manufacturer to be oxygen sensitive. Only one of these systems showed differences <±10% when measurement results  
at “high” and “low” pO2 were compared with measurement results at pO2 ~70 mmHg. In general, all tested GOx 
systems without labeled oxygen sensitivity also showed overestimated measurement results at pO2 values <45 mmHg 
and underestimated measurement results at pO2 values ≥150 mmHg. 

In the standard of the International Organization for Standardization (ISO), EN ISO 15197:2003,19 it is stipulated that 
any interfering substances, sample conditions, or physiological conditions known to affect the accuracy of results 
should be included in the instructions for use. In the revision of this standard ISO 15197:2013,20 it is stipulated that 
interference effects shall be described in the instructions for use if the difference between the test sample and the 
control sample exceeds 10% (10 mg/dl) for BG values ≥100 mg/dl (<100 mg/dl). Mandatory compliance to this standard 
is recommended after a transition period of 36 months.20 It is also stipulated in this revised standard that the conditions 
required to obtain accurate measurement results shall be specified if the system is affected by environmental factors, 
such as oxygen. Although oxygen is not clearly specified in the list of possible interfering factors in ISO 15197:2013, results 
of our study show that oxygen interferences should be considered when the performance of GOx systems is assessed.

In this context, it should also be considered that for system accuracy evaluation according to the ISO 15197 standard, 
blood samples in the highest and lowest glucose concentration categories are allowed to be adjusted. As such 
preparation procedures might potentially lead to altered pO2 values of blood samples, systematic measurement bias on 
oxygen-dependent SMBG systems may occur.

The five tested GOx systems are labeled for use with capillary blood only. In this study, venous blood was adjusted 
to different pO2 levels in order to assess the difference between measurement results from samples with pO2 levels of  
<45 and ≥150 mmHg and measurement results from samples with pO2 values ~70 mmHg for each system. Venous blood 
was used for this evaluation since the study procedure required a sample with larger blood volume, and secondly, 
no adjustments of pO2 values <45 mmHg was required (venous blood pO2 values are usually around 40 mmHg15).  
In addition, venous blood is also recommended in the ISO 15197 standard, e.g., for interference testing20 and precision 
evaluation.19,20 

In our study, pO2 values ~70 mmHg are considered to be similar to pO2 values in capillary blood samples.16,17 In order 
to investigate pO2 effects on measurement results, considerably decreased/increased pO2 ranges (<45/≥150 mmHg) 
were generated, which might be relevant in particular clinical situations. To support the clinical relevance of our finding, 
further investigations focusing on pO2 variations in capillary blood of people with diabetes and their impact on BG 
measurement would be helpful.

We only focused on pO2 effects in blood samples with BG concentrations (82–179 mg/dl) and hematocrit values  
(35.0–47.5%) in a limited range. Therefore, when interpreting the results, it is important to take into account that 
varying BG or hematocrit levels might also have an impact on the extent of pO2 effects.

Nevertheless, the results show that different blood-oxygen contents can affect BG measurements with GOx systems. 
Currently, some GOx systems are indicated to be sensitive to increased blood oxygen content as it occurs, for example,  
in patients receiving oxygen therapy. However, for most of the available GOx systems, detailed information concerning 
the pO2 limits of the system is not provided, especially with regard to potential interferences in conditions with 
decreased oxygen content in the blood sample. Since decreased pO2 levels are expected to occur in the daily life 
conditions of many people with diabetes, the considerable overestimation of BG measurements at “low” pO2 values 
(≥18% for three of the tested GOx systems) observed here might be of clinical relevance.

Arterial pO2 values of approximately 90 mmHg can be found in healthy young adults at sea level.21 At higher altitudes 
or during long-distance flights, studies reported decreased arterial pO2 values of approximately 55–65 mmHg in 
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healthy adults.9,10,22 In addition, in patients with respiratory diseases, arterial pO2 values <70 mmHg can be found.11,13 
Considering the fact that the frequent respiratory disease chronic obstructive pulmonary disease is associated with 
increased risk of developing type 2 diabetes,23,24 decreased pO2 values may occur in a considerable number of people 
with type 2 diabetes.

Regarding physiological blood circulation, arteries carry oxygenated blood from the heart to the small arterioles and 
into the capillary network in which oxygen, nutrients, and metabolites are exchanged between blood and tissue cells.16 
Since there is a physiological pO2 gradient from arterial to capillary blood, in conditions with decreased arterial 
pO2 values, decreased capillary pO2 values can be expected too. Results of our study show that in such conditions, 
oxygen-sensitive systems that are intended for capillary pO2 values under normal conditions may overestimate 
BG measurements with the potential risk of not being able to detect hypoglycemic events adequately and to take 
appropriate therapeutic actions. 

Nevertheless, it is important to be aware that not only the blood samples’ pO2, but also other factors can affect 
measurement results not only in GOx, but also in GDH systems. Therefore, for all SMBG systems, a detailed description 
of all interfering factors is important to enable the choice of an adequate system for specific conditions or a specific 
group of patients.

Conclusion
Results of this study indicate that BG measurements with GOx systems might be affected by the blood sample’s pO2 
value. Only one of the three GOx systems that are not labeled to be oxygen sensitive showed measurement deviations 
<±10% when pO2 levels were altered. In general, increased pO2 values lead to underestimated measurement results, 
and decreased pO2 values lead to considerably overestimated measurement results. In conditions with decreased pO2 
levels, e.g., during long-distance flights, staying at high altitude, or in patients with respiratory disease, measurements 
with oxygen-sensitive systems might bear the risk that hypoglycemic events are not detected in time. In order to 
ensure an adequate use of GOx systems in the daily life conditions of people with diabetes, it would be desirable that 
patients are sufficiently informed about potential oxygen interferences in oxygen-sensitive systems, also taking into 
account conditions with considerably decreased blood pO2.
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