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Abstract

Background:

Hematocrit (HCT) is known to be a confounding factor that interferes with many blood glucose (BG) measure-
ment technologies, resulting in wrong readings. Dynamic electrochemistry has been identified as one possible
way to correct for these potential deviations. The purpose of this laboratory investigation was to assess the
HCT stability of four BG meters known to employ dynamic electrochemistry (BGStar and iBGStar, Sanofi;
Wavesense Jazz, AgaMatrix; Wellion Linus, MedTrust) in comparison with three other devices (GlucoDock,
Medisana; OneTouch Verio Pro, LifeScan; FreeStyle Freedom InsuLinx, Abbott-Medisense).

Methods:

Venous heparinized blood was immediately aliquoted after draw and manipulated to contain three different
BG concentrations (60-90, 130-160, and 280-320 mg/dl) and five different HCT levels (25%, 35%, 45%, 55%, and
60%). After careful oxygenation to normal blood oxygen pressure, each of the resulting 15 different samples
was measured six times with three devices and three strip lots of each meter. The YSI Stat 2300 served as
laboratory reference method. Stability to HCT influence was assumed when less than 10% difference occurred
between the highest and lowest mean glucose deviations in relation to HCT concentrations [hematocrit
interference factor (HIF)].

Results:

Five of the investigated self-test meters showed a stable performance with the different HCT levels tested in
this investigation: BGStar (HIF 4.6%), iBGStar (6.6%), Wavesense Jazz (4.1%), Wellion Linus (8.5%), and OneTouch
Verio Pro (6.2%). The two other meters were influenced by HCT (FreeStyle InsuLinx 17.8%; GlucoDock 46.5%).

Conclusions:

In this study, meters employing dynamic electrochemistry, as used in the BGStar and iBGStar devices, were
shown to correct for potential HCT influence on the meter results. Dynamic electrochemistry appears to be an
effective way to handle this interfering condition.
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Introduction

Frequent performance of self-blood glucose measurements is an integral part of the treatment of patients with
diabetes mellitus and is recommended by specialist associations worldwide.'? As therapeutic decisions, such as insulin
dose determinations, are made based on the meter readings, meter accuracy is mandatory to achieve good treatment
results. Frequently, however, significant errors and inaccuracies occur that are poorly understood by patients and
health care providers.> The multifactorial reasons for these inaccuracies include, but are not limited to, strip factors
(e.g., manufacturing variances, storage conditions, chemical strip composition), physical and environmental factors
(e.g., temperature, humidity, altitude), chemical factors [e.g., substance interference, hematocrit (HCT) interference,
nutritional interference], and patient factors (e.g., correct device operation, correct hand washing and blood sampling,
device and strip storage at home).*

A well-known interfering factor is the ratio of blood cell volume versus plasma water in the sample, which is
biochemically expressed by the HCT value. Hematocrit has long been known to affect the accuracy of glucose meters
and was considered in treatment guidelines early on.>® Many blood glucose (BG) monitoring systems measure the
glucose concentration in a measurement chamber on the strip and use the defined chamber size to calculate the finally
displayed BG concentration.” However, only the plasma glucose participates in the measurement reaction on the electrode,
and a higher than normal plasma volume (i.e, low HCT) may lead to overestimation of the glucose concentration and
vice versa. Classically, BG monitoring systems based on this static electrochemistry technology are calibrated for HCT
concentrations of 40-45%. The instructions for use suggest limiting the use of the devices to clinical situations in
which HCT levels are within a specific range (typically 30-55%).

However, prevalence of HCT variation is usually underestimated by physicians and diabetes nurse educators and is
subject to seasonal variation.® A recent investigation of the HCT distribution in an urban community has demonstrated
HCT values in a range of 30-50% in a healthy reference population, 20-60% in community patients, 10-70% in hospital
patients, and 15-40% in intensive care patients.” In older patients also suffering from various diseases, these variations
can be even more pronounced and may have an impact on the patient’s prognosis.’ Deviation from normal HCT
levels can be induced by lifestyle interventions (e.g, smoking, prolonged exercise) by environmental conditions
(e.g., stay in mountains, seasonal variation), demographic conditions (e.g., age), and disease- and drug-related conditions
(e.g., hematological disorders, hypermenorrhea, pregnancy, or renal disease).l®'? In consequence, BG measurements
at higher or lower HCT concentration may occur frequently and may have a more substantial impact on treatment
quality than expected. We have been able to demonstrate that several devices for patient self-testing (e.g, BGStar and
iBGStar) are not affected by HCT interference, which leads to very accurate results in comparison with the reference
methods in a laboratory environment®* and also in an appropriately performed clinical accuracy evaluation.!®
We associated this phenomenon with the use of dynamic electrochemistry in these devices, but in another previous
accuracy investigation, a device employing the same technology (Wellion Linus) showed only moderate performance
and barely met the former International Organization for Standardization accuracy standards, which have meanwhile
been replaced by even stricter accuracy acceptance ranges.!®

The primary goal of this study was to assess the impact of HCT variation on the performance of new BG meters that
employ dynamic electrochemistry technology (BGStar, iBGStar, Wellion Linus, and Wavesense Jazz) in comparison
with other BG meters that use alternative electrochemical technologies (OneTouch Verio Pro, GlucoDock, and FreeStyle
Freedom InsuLinx).

Materials and Methods
Study Devices

We purchased the study devices and strips from regular pharmacy supplies.

The following glucose meters were included in this study: BGStar and iBGStar (Sanofi), Wavesense Jazz (AgaMatrix),
and Wellion Linus [MedTrust; all using glucose oxidase (GOx) with dynamic electrochemistry]; OneTouch Verio Pro
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[LifeScan; glucose dehydrogenase (GDH) with an undisclosed electrochemistry]; FreeStyle Freedom InsuLinx (Abbott
Diabetes Care; GDH with coulometry); and GlucoDock (Medisana; GOx with static electrochemistry). The YSI (Yellow
Springs Instrument) 2300 STAT PLUS Glucose Analyzer (Life Sciences; GOx method) was utilized as the plasma
comparison method. All devices and supplies were stored and operated in accordance with manufacturer’s instructions.

Collection of Blood Samples and Laboratory Settings

Blood samples were collected in compliance with local ethical and legal requirements. Venous, heparinized whole
blood was drawn on the day of the experiment and immediately manipulated to contain three different BG
concentrations and five different HCT levels (15 different samples in total). Samples were aliquoted and stored at 4 °C
until measurement. Before the start of the experiment, glucose concentration, HCT values, and the degree of oxygen
saturation were confirmed by means of the ABL80 FLEX CO-OX blood gas analyzer (Drott, Wiener Neudorf, Austria)
and carefully adjusted, if necessary. The degree of oxygenation had to remain within physiological capillary values
(range 80-100%). Prior to starting the measurements, all glucose meters were checked for proper function with
quality control solutions. Three meters of each device and three strip lots were used in this protocol, and each of the
15 samples was tested six times with each meter/lot combination (i.e., 54 measurements/sample/device and a total of
810 measurements/meter type). All tests were carried out simultaneously for each meter by a group of seven trained
staff members in a laboratory setting with controlled room temperature (23 + 5 °C) and humidity (60% + 5%) to avoid
a differential influence of sample aging on the comparative results.

Sample Processing

The freshly drawn blood was spiked to three target glucose concentrations using a 10% concentrated glucose solution
(Serag-Wiessner KG, Germany) to the following target ranges: 60-90, 130-160, and 280-320 mg/dl. The blood was gently
mixed in a 15 ml test tube and aliquoted. Subsequently, parts of the samples were carefully centrifuged to separate cells
from plasma, and both fractions were used to adjust other aliquots to a desired target level (approximately 20-30%,
35-40%, 45-50%, 50-55%, and 55-65%). Both HCT and oxygen pressure were verified in each manipulated sample by
means of the ABL analyzer. If the oxygenation saturation was below the meter specifications (i.e., out of physiological
range of 80-100%), individual samples were very carefully oxygenized by gentle manual rocking at room temperature.
Instead, the sample was discarded and a new sample was prepared. Following repeated HCT and oxygen saturation
measurements and confirmation of readjusted values, an aliquot of the individual sample was centrifuged at 300 x g
for 5 min at 4 °C in order to separate plasma from red blood cells. The obtained plasma was measured with the YSI
comparison device.

Statistical Analyses

Data were collected and tabulated for each meter. Statistical analyses included calculation of the mean values and
standard deviations for each meter type/sample combination. The mean of the differences from the comparison
method was used for calculating the mean absolute relative difference (MARD) for each meter at the three glucose
concentrations. This accuracy analysis as well as the determination of the coefficient of variation (precision) was only
performed with the samples that showed a HCT value of 45%. The mean glucose value determined at HCT of 45%
was normalized to be 100% in order to determine the potential bias (percentage deviation) occurring at the other
HCT levels. The means of the deviations between the different HCT samples were used for calculating a hematocrit
interference factor (HIF, largest observed bias above 100% + largest observed bias below 100%) for each meter with the
mean relative results obtained from the three glucose concentrations. An HIF <15% for the individual glucose level
and a mean HIF over the entire glucose ranges <10% were predefined as indicative for no clinically relevant influence
of HCT on the BG readings, as defined previously."* Comparisons between mean values were calculated by means of
the two-sided Student’s t-test. A p value <.05 was considered statistically significant.

Results

Three strip lots were commercially available for all devices except fo the GlucoDock device, for which only one strip lot
could be obtained in sufficient quantities for complete testing. However, the three purchased GlucoDock devices came
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packaged with a limited quantity of 150 strips from a separate lot and were used for an abbreviated testing protocol
(two instead of six readings per sample and device). All measurements with all meters for one sample were done
within 20 min after release of the sample for the experiment. The final glucose values achieved following laboratory
sample manipulations were within 63-68, 141-145, and 272-289 mg/dl at HCT values of 25%, 35%, 45%, 55%, and 60%.

The difference of the results from the value determined at 45% with the three BG ranges and over all glucose ranges
is shown in Figure 1 for the four devices employing dynamic electrochemistry. Figure 2 shows the same presentation
of the other three tested devices. It can be seen that the four devices in Figure 1 and OneTouch Verio Pro in
Figure 2 were not affected in a clinically relevant magnitude by HCT interference. These five unaffected devices and
technologies showed comparable performance in this experiment, with individual minor deviations seen with some
samples. Wellion Linus appears to be slightly more variable in the results than the other four devices. One of the
comparator devices (GlucoDock) showed pronounced deviations from the reference HCT level, with the largest bias in
each direction seen for different glucose concentrations (+47.2% at an HCT of 25% at low concentration and -23.3% at
60% HCT at a high BG concentration). Also, FreeStyle Freedom InsuLinx was shown to be affected especially at low
HCT concentrations.
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Figure 1. Results of the HCT interference experiment with the devices employing dynamic electrochemistry (BGStar, iBGStar, Wellion Linus, and
Wavesense Jazz). The graph shows the impact of different HCT levels on the readings at the three different glucose concentrations (63-68, 141-145,
272-289 mg/dl). The bold line represents the mean value of all glucose levels
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Figure 2. Results of the HCT interference experiment with GlucoDock, FreeStyle Freedom InsuLinx, and OneTouch Verio Pro. The graph shows the
impact of different HCT levels on the readings at three different glucose concentrations (63-68, 141-145, 272-289 mg/dl). The bold line represents
the mean value of all glucose levels. GlucoDock results were obtained with one strip lot only.

Calculation of the HIF at the different BG concentrations
as described previously’®* resulted in the numbers
displayed in Figure 3. An overall HIF below 10% was seen
with BGStar (4.6%), iBGStar (6.6%), WaveSense Jazz (4.1%),
Wellion Linus (8.5%), and OneTouch Verio Pro (6.2%).
Values above 10% were shown by FreeStyle Freedom
InsuLinx (17.8%) and GlucoDock 46.5%). All devices
employing dynamic electrochemistry were shown to be
unaffected by HCT interference.

The accuracy analysis was only performed with the
results obtained at 45% HCT for all devices. The mean
relative deviation of the BG monitoring system at the
different BG levels is shown in Table 1. The devices
were also comparable with respect to the analysis of the
precision when calculated over all three tested strip lots,
which was also only performed with samples showing a
45% HCT concentration. With 3 x 6 determinations, mean
precision for BGStar was 3.1% (range 1.7% to 54%), iBGStar
3.6% (1% to 51%), Wellion Linus 3.6% (1.8% to 5.0%),
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Figure 3. Results of the HIF calculation for all devices for the three
different BG concentrations. The degree of HCT interference is not
dependent on the BG level. *Only one strip lot was available for
GlucoDock.
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Wavesense Jazz 4.5% (2.7% to 7.8%), OneTouch Verio Pro

27% (2.0% to 3.5%), and FreeStyle Freedom InsuLinx A 2oy Ana i Aledikie Rl
4.0% (2.6% to 5.7%). The precision results for GlucoDock Do s > R ME el &
(2.8%, 2.6% to 3.1%) were only obtained from one strip lot : ated fo e Different Blood 0
and can theliefore not be compared with the other device Toe) @lieED (B
recision values. -
P Device 63-68 141-145 272-289
mg/d| mg/d| mg/d|
Discussion BGStar 12.2% 6.4% 6.0%
H 0, 0, 0,
Hematocrit interference has long been described as a BGStar 13.9% 6.6% >.8%
source for inaccuracies of BG meter readings in daily GlucoDock®? 12.0% 6.0% 4.2%
routine.>® The results of previous studies with different Wellion Linus 6.0% 5.0% 3.9%
glucose meters have indicated that.lower—tha.n—normal WaveSense Jazz 13.8% 5.9% 71%
HCT values (<30% to <35%) result in overestimates of -
. OneTouch Verio Pro 2.9% 7.3% 8.9%
laboratory glucose levels when glucose strip methods
are used, whereas HCT values higher than normal FreeStyle Freedom InsuLinx 5.0% 4.9% 12.5%
(>45%) result in underestimates of laboratory values.'2? @ GlucoDock results were obtained with one strip lot only.

The reason is an internal calibration of the analysis process

in devices using static electrochemistry, which is based

on a standardized 45% HCT value of the sample. Various hypotheses have been proposed to explain the impact of
abnormal HCT levels on glucose testing, including but not limited to, altered viscosity of the blood, prevention of
plasma from reaching the reaction surface of the test strip, change in diffusion kinetics, and/or increased packed red
cell volume and displacement of plasma volume, leading to insufficient plasma volume for accurate testing.?®

While many health care professionals believe that HCT is usually quite normal in their community patients, it is
generally accepted that HCT may be deviating from the reference values in patients with critical diseases or under
very specific conditions, such as pregnancy, extensive exercise, or kidney disease. However, one study has now shown
that HCT variance, even in patients visiting family doctors, has been underestimated by far. By analyzing data from
15,108 community patients, Lyon and Lyon’ are reporting HCT ranges from 20% to 60%. They also detected ranges from
10% to 70% when measuring this parameter in 45,260 hospital patients. Both groups obviously include the majority
of patients with diabetes mellitus currently treated by public health care. These findings underline the importance
of considering HCT as a confounding factor for patients’ self-measurement of blood glucose, which may impact the
quality of the subsequent treatment decisions. The instructions for use for handheld BG meters suggest limiting use
of the devices to clinical situations in which HCT levels are within a specific range of values (typically 30% to 50%).
When considering the findings from Lyon and Lyon,’ use of these devices in daily routine must also occur frequently
outside these HCT levels.

One technological solution to reduce HCT interference is the application of a physical and mathematical algorithm
for result correction as employed by dynamic electrochemistry. In this mathematical model, it is proposed that each
oxidation process leading to an electrode signal can be represented by a unique vector based on a phase angle and
a unique vector length and that the concentration of each analyte leading to an electron transfer can be determined
by monitoring the change in the admittance magnitude in the direction of the characteristic angle for that particular
species when applying different baseline measurement conditions (e.g., frequency, voltage). The total Faradaic admittance
for all electroactive species present is given by a linear combination of the independent vectors from the different
species. By applying different measurement conditions, the model allows for calculation of the individual contribution
of an interfering substance based on the knowledge of the analyte-specific phase angle of the oxidation signal. Based on
existing calibration curves and the knowledge about phase angle and basis vectors, glucose in samples containing
several electroactive species can be measured by correcting the measured total admittance from several underlying
measurement conditions for the influence of a variety of known interfering substances and conditions.?*? In this
laboratory study, these corrections led to unbiased readings independent from HCT variation for BGStar and iBGStar
and also for two other devices using the same technology (Wellion Linus and Wavesense Jazz). Similar results for
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BGStar were obtained already in two previous investigations with a similar experimental design'®* and in one
study with naturally occurring BG variations.” The method by which the technology of the fifth device with the
same stability (OneTouch Verio Pro) reduces the influence of HCT on the meter results has not been disclosed by the
manufacturer yet.

Our laboratory study has several limitations, which need to be considered before drawing conclusions with clinical
relevance. First, this investigation was performed in an artificial laboratory setting with manipulated venous samples.
It is designed to provide information regarding the interfering effect of HCT on the technology of the investigated
meters. All tested devices are designed to operate optimally with capillary blood obtained from the fingertip. Therefore,
the data provided regarding accuracy can only be interpreted with caution. Second, the OneTouch Verio Pro and
the FreeStyle Freedom InsuLinx are based on a GDH method, while we used the GOx-based YSI analyzer as the
comparison method. This may have contributed to the differences observed between the other devices with respect to
MARD. A negative bias of 3% to 8% has been described between YSI 2300 STAT and the hexokinase-based Olympus
AU640 reference method.?*?” As such, different reference methods might introduce a deviation of the values, which is
not caused by the device itself. Finally, the device with the largest HCT difference could only be tested with a limited
number of strips because of delivery problems. While we believe that this situation does not change the meaning of
our findings, it has to be considered when interpreting our data.

In conclusion, BG meters employing dynamic electrochemistry were confirmed to be stable against HCT interference.
According to recent studies, HCT levels outside the normal reference ranges are more prevalent than expected. It may
be worthwhile to consider these findings when selecting BG meters for patients with diabetes mellitus.
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