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Abstract
(Baines CR, Cooper PD, O’Rourke GA, Miller C. Evaluation of the Abbot FreeStyle Optium Neo H blood glucose meter 
in the hyperbaric oxygen environment. Diving and Hyperbaric Medicine. 2020 June 30;50(2):144–151. doi: 10.28920/
dhm50.2.144-151. PMID: 32557416.)
Introduction: This study investigated the effects of hyperbaric oxygen treatment (HBOT) on the accuracy and reliability 
of point-of-care fingertip capillary blood glucose values in euglycaemic non-diabetic participants compared against venous 
serum blood glucose samples processed in an accredited pathology laboratory.
Method: Ten non-diabetic hyperbaric staff members (age 35–55 years) underwent a standard 243 kPa HBOT exposure 
for 95 minutes. Blood glucose levels were measured via (i) finger-prick capillary test using the FreeStyle Optium™ Neo 
H glucometer and (ii) venous serum test using the Cobas 6000 laboratory analyser. Samples were taken at (T1) 0 minutes 
(pre-HBOT), (T2) 25 minutes, and (T3) 55 minutes into HBOT.
Results: All participants were euglycaemic at T1 (BGL 3.8–5.4 mmol·L-1). The highest venous serum value was 5.90 mmol·L-1 
at T3 and the highest capillary value was 6.30 mmol·L-1 at T1. Post hoc tests showed a statistically significant difference 
between the mean capillary result pre-dive (T1) and readings at T2 (P = 0.001) and T3 (P < 0.001) while differences between 
T2 and T3 capillary results were not statistically significant, illustrating the effect of HBOT on capillary beds. Differences 
in venous values across the time points were not significant.
Conclusion: Venous serum glucose samples processed in an accredited laboratory may be more consistently accurate, but 
capillary point-of-care testing avoids delays in sample processing and provides glucose data that are of clinical relevance. 
The FreeStyle Optium™ Neo H glucometer is safe to use and provides a reliable measurement of blood glucose in the 
HBOT environment.

Introduction

Since the 1970s there has been a gradual increase in the 
applicability of hyperbaric oxygen treatment (HBOT) which 
has seen it move away from the sole domain of diving-related 
disorders. It is now used in the management of a number of 
medical and surgical conditions, including wounds that fail 
to heal due to diabetes or radiation injury.1

Accurate identification of blood glucose level (BGL) 
particularly at levels lower than 4.0 mmol·L-1 is extremely 
important in the clinical hyperbaric oxygen environment. A 
growing proportion of the hyperbaric patient population now 
has diabetes either as a causative factor (e.g., non-healing 
wounds) or a concurrent medical co-morbidity to their 
treatment indication. A number of studies have noted HBOT 
to acutely lower blood glucose, particularly in patients 

using insulin or insulin secretagogue therapy.2–11  These 
changes in blood glucose levels could potentiate a clinically 
significant hypoglycaemic episode whilst at pressure. The 
exact physiological reasons for blood glucose fluctuations in 
the HBOT environment have yet to been fully elucidated.3,12  
Furthermore, the symptoms of hypoglycaemia may mimic 
those of cerebral oxygen toxicity, a potentially serious 
side-effect of HBOT.5,13  Management of oxygen toxicity 
is quite different from that for hypoglycaemia therefore it 
is important for clinicians to be able discern which clinical 
event is occurring.13–15

Venous serum glucose measurements performed in central 
laboratories remain the reference method for the evaluation 
of glucose levels, especially for diabetic patients. However, 
due to their point-of-care (POC) availability, speed of 
analysis, and minimal blood volume requirements glucose 
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meters are frequently used as a substitute for venous glucose 
assay.16–18  The POC glucometer, using capillary blood is 
now a routine method for glucose analysis in the normobaric 
setting as well as in the hyperbaric chamber.6,13  It is notable 
that the hyperbaric environment exposes the POC device to 
a variety of atmospheric, technical and patient factors that 
may potentially adversely affect the analytical accuracy of 
the device.19–21

Several studies demonstrate a consistent bias towards 
overestimation of the blood glucose from capillary samples 
when compared to venous serum measurements performed 
under standard laboratory conditions at one atmosphere 
absolute (atm abs) (101.3 kPa) pressure.6,13  Vasomotor 
changes experienced during HBOT further complicate 
comparison of capillary to venous samples.19–21  Additionally, 
the immediate milieu of modern HBOT requires careful 
consideration of which electronic devices are permitted 
within the hyperbaric chamber due to fire and implosion 
risk.22–25  These factors can be coupled with the potential for 
analytic inaccuracies when used outside the manufacturers’ 
specified environmental conditions.25  Performance of POC 
glucometers has been demonstrated to be unpredictable 
under hyperbaric conditions, due to either the direct effects 
of pressure on engineered components or the effects of 
hyperoxia on biochemical machinery (e.g., enzymes in test 
strips) or a combination of both.22

This study aimed to assess the accuracy and reliability of 
POC fingertip capillary blood glucose values in euglycaemic 
non-diabetic participants under hyperbaric conditions and 
compare against contemporaneous venous serum samples 
processed in a recognised pathology laboratory.

Methods

This study was prospectively approved by the Tasmanian 
Human Research Ethics Committee (UTAS HREC No: 
H0015770) and conducted in accordance with National 
Health and Medical Research Council (NHMRC) guidelines 
and relevant institutional governance procedures. All 
participants (n = 10) were hyperbaric staff members at a 
tertiary referral hospital for the state of Tasmania, Australia. 
Each participant gave written informed consent to the 
inclusion of their data in this study. Participants were non-
diabetic and had a valid medical certificate for diving.26,27  

Each participant was additionally screened for dyslipidaemia 
and diabetes mellitus as the presence of elevated venous 
serum triglyceride levels and modest increases in HDL 
cholesterol levels can influence long-term glycaemic 
control.28,29 Participant characteristics are reported in Table 1.

Immediately prior to hyperbaric exposure each participant 
had an intravenous cannula inserted aseptically into their 
preferred antecubital fossa. They then underwent a standard 
243 kPa (14 metres’ seawater [msw] equivalent) hyperbaric 
exposure according to a ‘14:90:20’ treatment table 
(Figure 1). Each participant received oxygen via an 
Amron™ oxygen treatment hood (Amron International, 
Inc., California, USA) in a multi-place chamber with 
an accompanying attendant as per Australian and New 
Zealand Standards.26–30  None of the participants consumed 
food whilst undergoing this treatment. All participants had 
consumed a normal breakfast prior to exposure.

Blood was drawn from the intra-venous cannula at three 
time-points for laboratory processing, with simultaneous 
capillary sampling undertaken by lancing the finger-
tips of each participant for POC blood glucose testing. 
POC capillary blood testing was performed using three 
separate FreeStyle Optium™ Neo H glucometers (Abbott 
Healthcare, Massachusetts, USA). At each time-point the 
finger-prick capillary sample was divided between the 
three glucometers to evaluate inter-glucometer variability. 
The FreeStyle Optium™ Neo H glucometer was used 
to process both the pre-exposure POC BG value and the 
intra-exposure (in-chamber) BG values.  The FreeStyle 
Optium™ Neo H glucometers are designed for use with the 
glucose dehydrogenase (GDH-NAD) enzymatic test-strips 
which were used in this study according to manufacturer’s 
instructions for all POC testing.31

Time-point 1 (T1) was immediately prior to compression; (a 
normobaric sample at 101.3 kPa), time-point 2 (T2) was at 
the start of the first air-break after 25 minutes of hyperbaric 
oxygen at 243 kPa; and time-point 3 (T3) was at the start 
of the second air-break after 55 minutes of hyperbaric 
oxygen at 243 kPa. Glucometer testing for capillary blood 
glucose values at T2 and T3 testing was undertaken within 
the hyperbaric chamber under pressure. All POC capillary 
glucose results were compared with venous serum glucose 
results obtained from a reference laboratory (see below).

Venous serum samples were drawn from each participant 
into a blood collection tube containing sodium fluoride, and 
a glycolysis inhibitor used to limit the ex vivo consumption 
of glucose.32  The rate of glycolysis varies with the glucose 
concentration, temperature, white blood cell count, and other 
factors. All samples were retained in-chamber until the end 
of the hyperbaric exposure from whence all samples were 
taken to the laboratory. The elapsed time from collection-to-
separation of the blood sample did not exceed the test site’s 
laboratory recommendations.33

Characteristic n = 10
Gender (% male/female) 50/50
Age range (years) 35–55
Weight range (kg) 70–95
Non-diabetic (%) 100
HbA1c range (%) 4.50–5.90
Cholesterol range (mmol·L-1) 3.90–7.40

Table 1
Relevant characteristics of the study group
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Laboratory testing of venous serum samples was performed 
using the hexokinase enzymatic reference method with the 
GLUC3 kit of the cobas 6000 laboratory analyser’s c501 
module (Roche Diagnostics GmbH, Mannheim, Germany) 
in the on-site biochemistry laboratory of the research facility. 
The laboratory is accredited as a human pathology testing 
provider by the National Association of Testing Authorities, 
Australia (NATA).34  The cobas 6000 system has a standard 
deviation of 0.05 mmol·L-1 when the mean is 5.1 mmol·L-1. 
The precision diminishes at a higher glucose level of 14.2 
(considered a pathological level) with a standard deviation 
of 0.16 mmol·L-1.35

STATISTICAL ANALYSIS

Mean absolute relative difference (MARD) calculation 

is currently the most widely accepted measurement for 
comparing the performance and accuracy of multiple meters 
in a single study.36  MARD is determined by dividing the 
difference between the measured and reference values by 
the reference value and multiplying by 100 to generate a 
percentage.

For this study MARD was calculated by using two sets of data 
collected simultaneously. MARD was chosen for this review 
due to the requirement for direct clinical applicability of 
results.37  The first set of data was obtained using the average 
of the three repeated capillary measures from the Freestyle 
Optium Neo H, while a standard laboratory measurement on 
venous samples provided the second dataset. The percentage 
reflects the average difference between capillary and the 
reference value. The mean of the readings from the three 

Figure 1
Illustration of a ‘14:90:20’ hyperbaric treatment profile showing respired gas and BGL sampling times

Figure 2
BGL trends in capillary and venous serum samples during hyperbaric oxygen treatment. Values are means and the error bars display 

standard deviation



Diving and Hyperbaric Medicine  Volume 50 No. 2 June 2020147

glucometers was compared to the venous laboratory sample. 
The similarity of these measures was confirmed first using a 
repeated-measures one-way analysis of variance (ANOVA) 
for each time point. The influence of time point was further 
examined by conducting repeated measures ANOVA using 
the mean capillary results as well as the venous serum values. 
Post hoc tests were examined to determine between which 
time points the differences were statistically significant.

Results

The average capillary and venous serum values obtained 
across the hyperbaric oxygen exposures are presented in 
Figure 2. Of note, at 25-minutes the cross-point blood 
glucose level was 4.7 mmol·L-1.

Descriptive data for capillary and venous serum values for 
the sample are shown in Table 2. The venous serum data 
demonstrate that all participants were euglycemic at baseline 
(BGL 3.8–5.4 mmol·L-1). The highest venous serum value 
was 5.90 mmol·L-1 at T3 and the highest capillary value was 
6.30 mmol·L-1 obtained at T1.

ASSESSING DIFFERENCES BETWEEN REPEATED 
MEASURES

Variables were normally distributed and an examination 
of absolute skewness and kurtosis revealed that all model 
variables fell within skewness ≤ ± 2.0 and kurtosis ≤ ± 7.0.38  
The results were interpreted descriptively and clinically 
as comparable and this was confirmed by the repeated 
measures ANOVA which found no statistically significant 
differences between capillary measures pre-dive (T1) 
[Wilks Lambda = 0.711, F(2,8) = 1.626, P = 0.255], 

during the first air break (T2) [Wilks Lambda = 0.773, 
F(2,8) = 1.176, P = 0.357], and during the second air break 
(T3) [Wilks Lambda = 0.799, F(2,8) = 1.004, P = 0.408].

A statistically significant effect was found for time 
for the mean capillary values [Wilks Lambda = 0.117, 
F(2,8) = 30.068, P < 0.001]. The multivariate Partial Eta 
squared result was 0.883 suggesting a moderate to large 
effect as per Cohen’s (1988) classification.39  Post hoc tests 
were examined to determine between which time points the 
differences were statistically significant. These tests suggest 
that the difference between the mean capillary result at T1 
and both subsequent readings at T2 (P = 0.001) and T3 
(P < 0.001) were statistically significant but the differences 
between T2 and T3 capillary results were not statistically 
significant. Differences in venous serum values across 
the time points were, however, not statistically significant 
[Wilks Lambda = 0.651, F(2,8) = 2.142, P = 0.180].

MEAN ABSOLUTE RELATIVE DIFFERENCE

The MARD reflects the percent variation that the capillary 
average differs from the reference value. Table 3 details 
descriptive data for the sample with respect to MARD 
percentages. As capillary scores were subtracted from the 
venous results, a negative MARD suggests that the venous 
serum value was less than the capillary value, and vice versa. 
As such, the results in Table 3 indicate that, on average, the 
venous serum BGL results were lower than capillary results 
at T1 and that this changed over the course of the HBOT. 
There was less average difference at T2 during the first air-
break in the HBOT, although the range in values indicates 
that imprecision remains for some participants. In contrast, 
noting that the variation around the mean is reduced at T3 
during the second air-break, the differences between the 
samples were not statistically significant.

Individual variability was evident from the large standard 
deviations and minimum and maximum values.  These 
MARD results suggest relatively poor correlation between 
venous and capillary results, especially pre-exposure and 
after 55 min of HBOT. Although this appears to hamper 
the clinical use of capillary readings (since scores not 
only have a low accuracy but the direction of agreement is 
inconsistent), this finding must be interpreted in the context 
of the physiological changes occurring in the capillary bed 
during HBOT.40

Time-point Mean (SD) Range
T1: pre-dive
Venous Serum 4.60 (0.50) 3.80–5.40
Capillary Average 5.39 (0.42) 4.77–6.07
Capillary 1 5.33 (0.42) 4.70–6.20
Capillary 2 5.36 (0.48) 4.70–6.30
Capillary 3 5.47 (0.43) 4.80–6.10
T2: 1st air-break
Venous Serum 4.72 (0.68) 3.30–5.50
Capillary Average 4.72 (0.41) 4.00–5.23
Capillary 1 4.78 (0.43) 4.20–5.30
Capillary 2 4.66 (0.48) 3.90–5.30
Capillary 3 4.71 (0.43) 3.90–5.30
T3: 2nd air-break
Venous Serum 4.94 (0.55) 4.10–5.90
Capillary Average 4.60 (0.38) 4.00–5.23
Capillary 1 4.59 (0.36) 3.90–5.10
Capillary 2 4.67 (0.35) 4.10–5.20
Capillary 3 4.54 (0.52) 3.90–5.40

Sample time
MARD (%)
Mean (SD)

MARD (%)
Range

T1 -17.94 (11.48) -40.35–3.85
T2 -1.39 (14.09) -35.35–11.11
T3 6.44 (7.00) -6.52–15.82

Table 2
Venous serum and capillary blood glucose mmol·L-1 (n = 10)

Table 3
Mean absolute relative difference (MARD) (n = 10)
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Discussion

This study assessed the accuracy and reliability of blood 
glucose values obtained from fingertip capillary samples 
in ten euglycaemic non-diabetic participants tested 
by POC glucometer in hyperbaric conditions against 
contemporaneous venous serum blood glucose samples.

Self-monitoring blood glucose systems are regulated 
under several parameters including safety and reliability 
testing, analytical performance evaluation, and accuracy. 
The International Organisation for Standardisation 
stipulates the minimum accuracy criteria required from 
these systems. The latest version released in 2013, ISO 
15197 is more rigorous than  the first version of the 
standard; 95% of blood glucose results must fall within 
± 0.83 mmol·L-1 at glucose ≤ 5.55 mmol·L-1 and within 
 ± 15% at glucose ≥ 5.55 mmol·L-1.41  The FreeStyle 
Optium™ Neo glucometer meets the ISO 15197:2013 
standard and was assessed in accordance with this tertiary 
referral hospital’s institutional risk-assessment procedures24 
and was therefore  deemed safe for use under therapeutic 
hyperbaric conditions.

In this study it was noted that capillary BGL measurements 
by POC glucometer were higher than laboratory-measured 
venous serum levels under normobaric conditions. This was 
consistent with the expected physiological decrement in 
BGL when sampling at different points along a metabolically 
active vascular bed. Although venous serum levels are 
often viewed as the ‘gold standard’ against which other 
measurements are validated, this is misleading as there is 
no single absolute BGL within the body at any given point 

in time. Glucose is the primary fuel source for most cellular 
activity under normal conditions and, as would be anticipated 
from first principles, the BGL progressively falls from the 
arterial ‘delivery’ side of the vascular bed to the venous 
‘drainage’ side, with the capillary BGL being somewhere 
in between (Figure 3A). From a clinical perspective, it is the 
glucose delivery to the end-user tissues that is of paramount 
importance – and, it can be argued, this is better represented 
by the capillary sample than a downstream venous sample.

Hyperoxia, as encountered in HBOT, is a profound 
systemic vasoconstrictor. Constriction of pre-capillary 
arterioles diverts blood away from the capillary bed through 
arteriovenous anastomoses, increasing the shunt fraction, 
and resulting in arterial blood more directly reaching the 
veins. In the context of blood glucose levels this will lead 
to a relative elevation of the venous BGL in comparison to 
the capillary level (Figure 3B). This expected reversal of the 
normal capillary:venous BGL ratio during HBOT, secondary 
to vasoconstriction in the fingertips, has been previously 
reported in a limited sample (n = 4) during HBOT.2

From a technical perspective POC glucometers require a 
single use test strip to be inserted into the glucometer, one 
of three enzymes (glucose dehydrogenase, GD; glucose 
oxidase, GO; or hexokinase, HK) impregnated into the 
strip.42,43  The enzyme acts on the whole blood obtained 
from a finger-prick taking 4 seconds to display a digital 
figure representative of capillary glucose on the POC 
glucometer.44  All manufacturers of POC glucometers work 
within ISO 15197:2013 which requires that test strips should 
demonstrate 95% accuracy.

Figure 3
A. Resting microvasculature. Progressive reduction in BGL is evident as blood passes from arterial delivery side, through the metabolically 
active capillary bed, to the venous side of the circulation. B. Hyperoxic vasoconstriction. Closure of precapillary sphincters causes shunting 
of blood away from metabolically active capillary bed through metarterioles or other arteriovenous anastomoses. Constant metabolic 
demand in capillary bed therefore leads to increased glucose extraction from capillary blood and reversal of the usual capillary-venous 

BGL ratio. Numbers are notional BGLs in mmol·L-1
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The effectiveness of the enzymatic reaction and thus 
accuracy can be influenced by many factors. Specifically 
– haematocrit or contaminant interference, difference in 
strip batches and strip rotting (an issue if the strips are 
stored in-chamber due the repeated adiabatic temperature 
changes during compression/decompression).45  However, a 
significant consideration for the hyperbaric physician is the 
effect of partial pressures of oxygen (PPO

2
) in the HBOT 

environment. A bench study by Tang et al., on venous 
serum from diabetics indicated oxygen can lower glucose 
measurements obtained with GO-based amperometric test 
strips.18  This supports evidence from multiple studies that 
note issues with the enzyme reaction of the test strips used 
in a glucometer in hyperbaric and hypobaric environments 
and the respective PPO

2
.9,20,46,47  Test strips at this institution’s 

hyperbaric unit, including those used in this study, are 
therefore routinely stored outside the chamber and taken 
inside only as required to minimise this potential confounder.

Conclusion

The FreeStyle Optium™ Neo H glucometer meets clinical 
requirements and provides a reliable measurement of blood 
glucose in the HBOT environment. The results of this work 
are consistent with the changes anticipated (from first 
principles) in BGL measurements under HBOT conditions. 
Capillary BGL is higher than venous pre-HBOT but falls 
to the same or lower levels during HBOT as peripheral 
vasoconstriction leads to an increased shunt fraction and the 
diversion of blood away from skin capillaries. This results in 
(i) the ‘arterialisation’ of venous blood glucose levels and (ii) 
increased glucose extraction from the reduced blood supply 
in the capillary bed in order to meet the stable metabolic 
demands of end-organ tissues, leading to a reversal of the 
normal venous:capillary BGL ratio.

The concept of what constitutes the ‘gold-standard’ 
BGL needs to be reconsidered in the hyperbaric context. 
Ultimately, it is the adequacy of glucose supply to end-
user tissues that is of clinical relevance. Venous samples 
processed in an accredited laboratory may be more 
consistently accurate, but (i) delays in sample processing 
may cause artefactual reduction in BGL and (ii) measurement 
downstream of the metabolically-active end-organ vascular 
beds (and/or vascular shunts) renders interpretation of results 
problematic. Arterial samples provide a better assessment 
of the adequacy of glucose supply but are technically more 
difficult to perform, and painful for the patient. We would 
argue strongly that point-of-care testing of capillary samples 
should be regarded as the gold-standard in clinical practice. 
Capillary POC testing avoids delays in sample processing 
and provides the single most relevant blood glucose value 
irrespective of microvascular flow changes: the BGL present 
at the level of the end-user tissues.
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