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Abstract

Background:

Accuracy of blood glucose readings is (among other things) dependent on the test strip being completely filled
with sufficient sample volume. The devices are supposed to display an error message in case of incomplete
filling. This laboratory study was performed to test the performance of 31 commercially available devices in
case of incomplete strip filling.

Methods:

Samples with two different glucose levels (60-90 and 300-350 mg/dl) were used to generate three different
sample volumes: 0.20 ul (too low volume for any device), 0.32 ul (borderline volume), and 1.20 ul (low but
supposedly sufficient volume for all devices). After a point-of-care capillary reference measurement (StatStrip,
NovaBiomedical), the meter strip was filled (6x) with the respective volume, and the response of the meters
(two devices) was documented (72 determinations/meter type). Correct response was defined as either an error
message indicating incomplete filling or a correct reading (+20% compared with reference reading).

Results:

Only five meters showed 100% correct responses [BGStar and iBGStar (both Sanofi) ACCU-CHEK Compact+
and ACCU-CHEK Mobile (both Roche Diagnostics), OneTouch Verio (LifeScan)]. The majority of the meters (17)
had up to 10% incorrect reactions [predominantly incorrect readings with sufficient volume; Precision Xceed and
Xtra, FreeStyle Lite, and Freedom Lite (all Abbott); GlucoCard+ and GlucoMen GM (both Menarini); Contour,
Contour USB, and Breeze2 (all Bayer); OneTouch Ultra Easy, Ultra 2, and Ultra Smart (all LifeScan); Wellion Dialog
and Premium (both MedTrust); FineTouch (Terumo); ACCU-CHEK Aviva (Roche); and GlucoTalk (Axis-Shield)].
Ten percent to 20% incorrect reactions were seen with OneTouch Vita (LifeScan), ACCU-CHEK Aviva Nano (Roche),
OmniTest+ (BBraun), and AlphaChek+ (Berger Med). More than 20% incorrect reactions were obtained with
Pura (Ypsomed), GlucoCard Meter and GlucoMen LX (both Menarini), Elite (Bayer), and MediTouch (Medisana).

Conclusions:

In summary, partial and incomplete blood filling of glucose meter strips is often associated with inaccurate
reading. These findings underline the importance of appropriate patient education on this aspect of blood
glucose self-monitoring.
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Introduction

Frequent measurements of blood glucose are common during daily routine in patients with diabetes mellitus,
especially in those who are treating themselves with multiple daily insulin injection therapy.!? Treatment decisions,
such as calculation of insulin doses, are based on the readings of the blood glucose meters (BGMs), thus the devices
need to be reliable, accurate, and easy to operate. However, BGM accuracy can be affected by many confounding factors,
including, but not limited to, the underlying measurement technology, environmental factors, patient proficiency factors,
and interfering substances.> Advances in blood glucose reading technologies by several manufacturers have improved
the robustness of the readings against interfering substances (e.g.,, hematocrit) in some meters.*

One technical solution to correct for a possible biochemical interference includes parallel measurement, e.g., of hematocrit
with a subsequent correction algorithm.>® Another more general solution is the application of a mathematical algorithm,
which is derived from dynamic electrochemistry as employed by the BGStar and iBGStar (Sanofi, Frankfurt, Germany).
Dynamic electrochemistry uses multiple measurements at different conditions (e.g.,, by varying frequencies and voltage)
to readjust the input stimulation signal in response to how the electron transfer kinetics at the electrode and the
related chemistry is progressing. This dynamic adjustment results in a richer output signal that the meter’s algorithms
can analyze to develop correction factors to minimize the distortion caused by interfering factors.”® We have been
able to demonstrate that this technology corrects for hematocrit interference* and results in very accurate and
stable performance data for the BGStar and iBGStar when tested with patients in a clinical setting.’ The technology,
however, could potentially also correct for environmental conditions and other sources of error, including low blood
sample volume.”®

A critical factor in BGM performance is the “patient factor.” The user also ultimately influences the blood glucose results
by either complying or not complying with the instructions for performing the measurement. Even the best technology
will result in wrong readings, e.g, if the strips are not stored properly or if the patient forgets to clean the finger
before drawing the sample with a finger prick.> An additional potential source for problems is provided by the blood-
drawing mechanism itself. If the patient punctures the finger insufficiently, the resulting amount of blood sample may
be insufficient to completely fill the analysis chamber on the strip and to initiate correct device operation.

In many meters, the strip filling situation is assessed during the procedure, and the meter is supposed to display an
error message indicating insufficient sample volume and the need to either add more volume or to repeat the entire
process. The requisite amount of blood to provide a correct reading has constantly been decreased and has reached
volumes below 1 ul in many devices. According to our knowledge, the impact of insufficient strip filling on device
performance has never been evaluated in a comparative study, and no information about a thoroughly performed
study on this topic can be found in the international literature.

We therefore investigated the device performance of 31 commercially available blood glucose monitoring systems
when operated with three different sample volumes: 0.20 ul (below any required volume), 0.32 ul (borderline volume,
sufficient for some technologies), and 1.20 ul (low but supposedly sufficient volume for all technologies).

Materials and Methods

This laboratory investigation was performed in accordance with local ethical and regulatory requirements. The patients
donating blood for this laboratory study gave written informed consent prior to the blood draw. The goal was to have
one sample with a low blood glucose level (between 60 and 90 mg/dl) and one sample with a high blood glucose
concentration (300-550 mg/dl), as confirmed by a reference method (Yellow Springs Instrument 2300 STAT PLUS
glucose analyzer). Prior to testing, the hematocrit and the oxygen pressure in the venous heparinized whole blood
samples were verified by means of the ABL 80 Flex CO/OX point-of-care device (Drott, Wiener Neudorf, Austria).
If the oxygen saturation or the hematocrit value of an individual sample was outside of the physiological range
(80-100% and 35-50%, respectively), the sample was discarded and the sample preparation was repeated. After release of
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a sample for testing, the samples were aliquoted, and up to 11 devices were tested in parallel by a similar number of
trained investigators to eliminate any potential bias induced by test sequence. The type and nature of responses of the
meters to the respective volumes (e.g., alarms and displayed blood glucose result) were recorded.

Sample Volume Preparation

Three sample volumes were generated for this investigation: 0.20 ul (below any required filling volume), 0.32 ul
(borderline volume, too low or just acceptable for many devices), and 1.20 ul (low but supposedly sufficient volume
for all systems). As samples volumes below 1 ul are very difficult to pipette, we produced the three different
volumes as follows. In a previous pilot study, we had confirmed that our internal capillary reference method
(StatStrip, NovaBiomedical) requires exactly 1.8 ul for strip filling. In this experiment, we pipetted 2, 2.12, and 3 ul
by means of high-precision polymerase chain reaction pipettes on a laboratory film surface, which was positioned
in a pharmaceutical high-precision balance (Mettler Toledo, precision 1 x 10 g). Performance of a capillary StatStrip
measurement removed 1.8 ul from the film, and the respective volume was weighed out for the experiment. In the pilot
setting, we showed that all of the remaining volume was sucked into a test strip from the hydrophobic surface of the
laboratory film by means of the weight balance reading result (mean remaining weight 0.03 + 0.02 ug). Each of the six
sample categories (three volumes, two blood glucose concentrations) was tested six times with two devices and one strip
lot per meter, resulting in a total of 72 measurements per meter type.

The following meters were included in this study: ACCU-CHEK Aviva (sample volume as stated in the instructions
for use, 0.6 wl)) ACCU-CHEK Aviva Nano (0.6 ul), ACCU-CHEK Compact Plus (1.5ul), and ACCU-CHEK Mobile
(0.3 ul; Roche Diagnostics, Mannheim Germany); AlphaCheck+ (0.5 ul; Berger Med, Stadt, Germany); BGStar (0.5 ul)
and iBGStar (0.5 ul; Sanofi); Breeze 2 (1.0 ul), Contour (0.6 ul), Contour USB (0.6 ul), and Elite (2.0 ul; Bayer, Wuppertal,
Germany); FreeStyle Freedom (0.3 ul), FreeStyle Freedom Lite (0.3 ul), Precision Xceed (1.0 ul), and Precision Xtra (0.6 ul;
Abbott Medisense, Wiesbaden, Germany); GlucoMen GM (0.5 ul), GlucoMen LX (0.3 ul), GlucoCard G Meter (0.6 ul), and
GlucoCard G+ (0.6 ul; Menarini, Neuss, Germany); OneTouch Ultra 2 (1.0 ul), OneTouch Ultra Easy (1.0 ul), OneTouch
Ultra Smart (1.0 ul), OneTouch Ultra Vita (1.0 ul), and OneTouch Verio (0.4 ul; LifeScan, Neckargemiind, Germany);
Wellion Calla Dialog (0.6 ul) and Wellion Calla Premium (0.6 ul; MedTrust, Dresden, Germany); FineTouch (1.2 ul;
Terumo, Eschborn, Germany); Pura (1.0 ul; Ypsomed, Liederbach, Germany); OmniTest Plus (1.0 ul; BBraun, Melsungen,
Germany); MediTouch (0.5.ul; Medisana, Neuss, Germany); and GlucoTalk (0.5 ul; Axis-Shield, Stadt, Germany).

Statistical Analysis

The analysis was performed in a descriptive manner. A correct response to insufficient sample volume was recorded
when the device gave a low-volume alarm or displayed an indication of insufficient blood volume. If the device
performed a reading without alarm, the displayed value had to be within a +20% range of the reference value
determined immediately before the testing to count as a correct meter performance. The +20% range was defined
by the ISO 13485:2003 guideline, because no sample reference value below 75 mg/dl was measured. No alarm or an
incorrect reading outside of the +20% range without low-volume indication was recorded as device failure. The nature
of the response of a given meter was collected and tabulated and the number and percentage of correct responses per
volume and blood glucose concentration was calculated. The number of total wrong responses in the different sample
categories (defined by the three volumes and the two glucose levels) was determined as an overall performance
measure for benchmarking the glucose monitoring systems. Any wrong response in a sample category disqualified
the category from being entirely correct. Comparisons between the different devices were performed by means of
contingency tables. A p value <0.05 was considered statistically significant.

Results

Processing of blood samples was performed as described earlier. Following careful manipulation of the hematocrit
concentrations with confirmation of the hematocrit and oxygen pressure acceptance criteria, all measurements
were performed by an appropriate number of laboratory staff members in parallel for each meter within 20 min
per sample volume. It turned out that the glucose level in the sample had no significant influence on the results of
this investigation.
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The meter responses for the individual volumes for the two blood glucose ranges are displayed in Table 1. It can
be seen that almost all devices responded correctly during all 24 measurements to the very low volume of 0.2 ul.
Only four devices (13%) initiated readings at this very low volume resulting in wrong results [ACCU-CHEK Aviva
(one case), FreeStyle Freedom (one case), GlucoCard Meter (five cases), and MediTouch (seven cases)]. Several devices
(11/31 devices; 35%) failed occasionally or regularly at the borderline sample volume of 0.32 ul [Contour (1), FreeStyle
Freedom Lite (1), OmniTest (1), OneTouch Vita (1), Precision Xtra (2), GlucoMen GM (3), MediTouch (3), GlucoCard + (4),
Ypsomed Pura (7), GlucoMen LX (10), and GlucoCard Meter (17)].

Table 1

Number of Device Failures (No Alarm and Wrong Reading Outside +20%) as Documented for the Different
Blood Volumes with the Different Blood Glucose Monitoring Systems”

Device Sample volume
0.20 pl 0.32 pl 1.2 pl All

ACCU-CHEK Aviva 1/24 (4%) 0/24 (0%) 0/24 (0%) 1/72 (1%)
ACCU-CHEK Aviva Nano 0/24 (0%) 0/24 (0%) 8/24 (33%) 8/72 (11%)
ACCU-CHEK Compact+ 0/24 (0%) 0/24 (0%) 0/24 (0%) 0/72 (0%)
ACCU-CHEK Mobile 0/24 (0%) 0/24 (0%) 0/24 (0%) 0/72 (0%)
AlphaCheck+ 0/24 (0%) 0/24 (0%) 8/24 (33%) 8/72 (11%)
BGStar 0/24 (0%) 0/24 (0%) 0/24 (0%) 0/72 (0%)
iBGStar 0/24 (0%) 0/24 (0%) 0/24 (0%) 0/72 (0%)
Breeze 2 0/24 (0%) 0/24 (0%) 2/24 (8%) 2/72 (3%)
Contour 0/24 (0%) 1/24 (4%) 0/24 (0%) 1/72 (1%)
Contour USB 0/24 (0%) 0/24 (0%) 2/24 (8%) 2/72 (3%)
Elite 0/24 (0%) 0/24 (0%) 17/24 (71%) 17/72 (24%)
FineTouch 0/24 (0%) 0/24 (0%) 5/24 (21%) 5/72 (7%)
FreeStyle Freedom 1/24 (4%) 0/24 (0%) 0/24 (0%) 1/72 (1%)
FreeStyle Freedom Lite 0/24 (4%) 1/24 (4%) 0/24 (0%) 1/72 (1%)
GlucoCard+ 0/24 (0%) 4/24 (17%) 0/24 (0%) 4/72 (6%)
GlucoCard Meter 5/24 (21%) 17/24 (71%) 18/24 (75%) 40/72 (56%)
GlucoMen GM 0/24 (0%) 3/24 (13%) 0/24 (0%) 3/72 (4%)
GlucoMen LX 0/24 (0%) 10/24 (42%) 9/24 (38%) 19/72 (26%)
GlucoTalk 0/24 (0%) 0/24 (0%) 1/24 (4%) 1/72 (1%)
MediTouch 7/24 (29%) 3/24 (13%) 20/24 (83%) 30/72 (42%)
OmniTest 0/24 (0%) 1/24 (4%) 11/24 (46%) 12/72 (17%)
OneTouch Ultra Easy 0/24 (0%) 0/24 (0%) 6/24 (25%) 6/72 (8%)
OneTouch Ultra 2 0/24 (0%) 0/24 (0%) 3/24 (13%) 3/72 (4%)
OneTouch Ultra Smart 0/24 (0%) 0/24 (0%) 1/24 (4%) 1/72 (4%)
OneTouch Verio 0/24 (0%) 0/24 (0%) 0/24 (0%) 0/72 (0%)
OneTouch Vita 0/24 (0%) 1/24 (4%) 10/24 (42%) 11/72 (15%)
Precision Xceed 0/24 (0%) 0/24 (0%) 17/24 (0%) 17/72 (24%)
Precision Xtra 0/24 (0%) 2/24 (8%) 3/24 (13%) 5/72 (7%)
Wellion Calla Dialog 0/24 (0%) 0/24 (0%) 1/24 (4%) 1/72 (1%)
Wellion Calla Premium 0/24 (0%) 0/24 (0%) 3/24 (13%) 3/72 (4%)
Ypsomed Pura 0/24 (0%) 7/24 (29%) 20/24 (83%) 27/72 (38%)
@Shadowed fields indicate the volumes with reported device failures.
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Notably, the majority of device failures was recorded by devices displaying incorrect readings when tested with a
supposedly sufficient but still limited sample volume of 1.2 ul [19/31 devices (61%); OneTouch Ultra Smart (1), Wellion
Calla Dialog (1), Breeze 2 (2), Contour USB (2), OneTouch Ultra 2 (3), Precision Xtra (3), Wellion Calla Premium (3),
FineTouch (5), OneTouch Ultra Easy (6), ACCU-CHEK Aviva (8), AlphaChek+ (8), GlucoMen LX (9), FreeStyle Freedom (10),
OmniTest (11), FreeStyle Freedom Lite (17), Precision Xceed (17), GlucoCard Meter (18), MediTouch (20), and Ypsomed
Pura (20). Only two devices presented with wrong responses with all three tested volumes (GlucoCard Meter and
MediTouch). In almost all cases, the displayed values during a wrong measurement were too low in comparison with
the YSI reference.

Five devices did not show any failure in our experimental
protocol (ACCU-CHEK Compact+, ACCU-CHEK Mobile,
BGStar, iBGStar, and OneTouch Verio). The nature of i
their response (error or correct reading) at the different 00 Orre aSDG
sample volumes is presented in Table 2. It appears that ovided Lo ample Vo

pe of Device Response ation of a Co

tbe d'EVICGS tha}t cou'ld best handle the low-volume . Sample volume
situation and still deliver accurate results were BGStar Device
. . 020 ul | 0.32p | 124 All
and OneTouch Verio, followed by iBGStar, ACCU-CHEK
Mobile, and ACCU-CHEK Compact+. Number of readings 24 24 24 2
BGStar
For benchmark comparison, we performed an analysis on Low-volume alarm 8.0% | 12.5% 0% 6.8%
. . . . . . Correct reading 92.0% 87.5% 100% 93.2%

device failure in the six different categories (3 volumes x
2 blood glu ranges). If any wrong r n urred iBGStar
. OO, giucose ges.) Y ong esp(')'se oce .e Low-volume alarm 79.0% 62.5% 0% 47.2%
in a given category, this category was classified as failed. Correct reading 21.0% | 375% | 100% | 52.8%
The result of thls.‘. a.naly51s is shown ll’l.FlgI:II'e 1. It can be ACGU-CHEK Compacts
seen that the majority of the devices failed in one category Low-volume alarm 100% | 100% | 66.5% | 88.8%
(usually wrong readings with low but supposedly Correct reading 0% 0% 33.5% [ 11.2%
sufficient volume). Devices with failures in four or more ACCU-CHEK Mobile
categories showed a significantly lower performance Low-volume alarm 41.5% | 29.0% | 16.5% | 29.0%

. . . Correct reading 48.5% 71.0% 83.5% 71.0%
than the five devices with overall correct responses.
The devices with failures in five or more categories OneTouch Verio

. . . Low-volume alarm 21.0% 4.0% 0% 8.3%
performed significantly worse than devices with one or Correct reading 70.0% | 96.0% | 100% | 91.7%

less failing category.

Discussion

Regular blood glucose monitoring is an integral part of standard diabetes care, especially in patients on insulin
treatment.">! However, frequently significant errors and inaccuracies occur that are poorly understood by patients and
health care providers.!! The reasons for these inaccuracies are manifold and include, but are not limited to, strip factors
(e.g, manufacturing variances, storage conditions, and chemical composition), physical and environmental factors
(e.g., temperature, humidity, and altitude), chemical factors (e.g., substance interference, hematocrit interference, and
nutritional interference), and patient factors (e.g., correct device operation, correct hand washing, and device and strip
storage at home).> One of the device features that is given some attention by the manufacturers is the volume of the blood
sample required to perform a correct reading. While the majority of the devices for patient self-blood glucose monitoring
required 5-10 ul for an adequate measurement performance at the beginning of this century, the volumes have been
significantly lowered to reach volumes of 1 ul or below in many of the currently available strip technologies. These low-
volume requirements enable the use of alternative sites for the blood sampling process, which introduced another
potential source for inaccuracies and increased the training requirements for patients supposed to perform blood
glucose self-testing.!** However, by understanding the source of the error and educating the patients on methods of
prevention and correction, health care providers can help their patients use the systems more effectively and accurately.

In this laboratory study, we investigated incomplete strip filling as one potential source of device malperformance.
All glucose strip sensor technologies have built-in low-volume detection systems as a preventive measure. They are
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Figure 1. Analysis of responses in the sample categories free of any device failure by device (definition of the six categories: three volumes with
two blood glucose ranges). Any single or repeatedly wrong response lead to disqualification of the category (“wrong” versus “correct”) in this
benchmark comparison.

supposed to inform the user by displaying a low-volume alert on the screen in case of incomplete filling of the
measurement chamber. From a clinical point of view, a worst case scenario resulting from incomplete strip filling
would be the display of an inaccurately high glucose value without indication that something went wrong during the
measurement procedure. This could, e.g., lead to wrong and too high insulin dose calculation and potentially result in
a hypoglycemic episode that can harm the patient’s wellbeing. According to our knowledge, no thorough investigation
of this condition has been published yet in the international literature, so we developed an in-house testing protocol
in our laboratory. We exposed the tested systems to three very small sample volumes, which should in the majority
of cases result in low-volume alarms, and tested two different glucose concentrations. It turned out that the glucose
concentration in the sample had no influence on the study results.

Our lowest volume was 0.2 ul, which is clearly an insufficient volume to completely fill any of the tested blood glucose
strips. The vast majority of the devices reacted to this volume with low-volume alerts, and only very few devices
(except for two systems with a higher failure rate) had an occasional malfunction. The next volume tested (0.32 ul)
represented a borderline volume for our investigation, as some devices give 0.3 ul as the minimally required volume
for the strip filling (e.g., FreeStyle Freedom), while others indicate a necessary amount of 0.5 to 1 ul. With this volume,
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a substantially larger amount of devices showed wrong results (defined as readings outside of a 20% range from the
reference device without low-volume indication). The largest number of wrong readings, however, occurred with the
1.2 ul volume, which was supposed to present a sufficient volume for all strips, but one (ACCU-CHEK Compact+) in
this investigation. Normally, when puncturing the finger tip correctly with a lancing device, patients can produce
much higher blood sample volumes (up to 200 ul according to our own observations) and exposing the strips to an
excess sample volume does not represent a problem with respect to system performance. However, low sample
volumes may occur as a result of ambient conditions, reduced capillary blood flow, or insufficient depth of the lancing
device penetration into the skin.

In contrast to static electrochemistry, dynamic electrochemistry does not determine glucose concentrations based on a
fixed measurement chamber volume but based on the electron turnover at the electrodes under different measurement
conditions. It is therefore not dependent on a certain volume, which may be the reason for the good results obtained
with the BGStar and iBGStar in this investigation. Together with the OneTouch Verio (for which any result correction
mechanism has not been made public by the manufacturer yet), these devices reacted with a high number of correct
readings even at the very low volume as compared with the other meters, which displayed predominantly error
messages. Finally, only five devices showed 100% correct performance under the tested conditions. It therefore appears
to be important to educate the patients, in general, on the necessity to test only with sufficient blood volume, because
not all patients are using the devices that performed flawlessly or with only minor problems in this investigation.

There are several limitations in this study that need to be addressed prior to drawing conclusions about device
performance in a clinical routine setting. First, this was a laboratory investigation, therefore the devices and strips
were not operated exactly in accordance with the instructions for use for blood taken directly from the fingertip of
a patient. Potential matrix effects between capillary blood and venous blood can heavily influence BGM accuracy
but should not affect the low-volume alert function. On the other hand, we have used a previously reported proper
laboratory methods for using venous whole blood with an oxygenation procedure, which can result in quite accurate
results.!> Second, we used the StatStrip as the capillary comparison method. While we and others have shown that
this point-of-care device is very accurate in comparison with reference laboratory methods,®15° it is based on a glucose
oxidase method, while several of the tested systems (e.g., the Roche Diagnostics and the Bayer devices) are based
on glucose dehydrogenase as the key sensor enzyme. It has been shown that differences of 5-8% can easily occur
between different enzymatic methods such as glucose oxidase and hexokinase,”!® which may account for some of the
deviations observed in our study.

Even considering these limitations, however, it becomes clear by our results that an insufficient sample volume represents
a potential source of inaccuracy and error in patient self-blood glucose monitoring. This finding underlines the need
to address this issue appropriately when performing patient training on blood glucose monitoring in the course of
diabetes treatment initiation. It is encouraging that several meters were not affected by this situation, which may be

considered advantageous when selecting the appropriate meter for individual patients for daily routine testing.
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