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Abstract

Introduction: ISO 15197:2013 recommends testing procedures and acceptance criteria for the evaluation of influence
quantities such as hematocrit on measurement results with systems for self-monitoring of blood glucose (SMBG). In this study,
hematocrit influence was evaluated for a novel SMBG system (system A) and five other systems with different hematocrit
ranges based on ISO 15197:2013.

Methods: Test procedures were performed with one test strip lot for each system. Each system was tested within
the hematocrit range indicated in the manufacturer’s labeling (system A: 10-65%, B: 15-65%, C: 20-60%, D: 35-60%, E:
30-60%, F: 30-55%). According to ISO 15197:2013, clause 6.4.2, venous blood samples were used for the evaluation of
hematocrit influence. The evaluation was performed for three glucose concentration categories (30-50 mg/dL, 96-144
mg/dL, and 280-420 mg/dL). For each glucose concentration category, at least five different hematocrit levels were
investigated.

Results: The novel system A and systems B, E, and F complied with the tested lot with the defined criteria and showed
<10 mg/dL and <10% difference between the test sample and the respective control sample with a hematocrit value of 42%
* 2% for BG concentrations <100 mg/dL and >100 mg/dL, respectively. Two systems showed >10% difference at glucose
concentrations >100 mg/dL.

Conclusions: Remarkable hematocrit influence within the labeled hematocrit range was obtained in two systems with the
tested reagent system lot. Adequate SMBG systems should be carefully chosen by patients and their health care professionals,
particularly for patients with increased and decreased hematocrit values.
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Systems for self-monitoring of blood glucose (SMBG)
enable people with diabetes to measure their blood glucose
levels to adjust their therapy and to prevent complications,
such as microvascular and neurologic long-term complica-
tions.! SMBG measurements are performed on capillary
whole blood. For this purpose, most SMBG systems use an
electrochemical sensor that is located within a capillary
chamber on the reagent system, for example, test strip, as a
thin, dry layer comprising a mixture of enzymes and other
chemical components that react specifically with glucose.”™
The reaction on the test strip and thus the reliability of the
measurement result can be affected by a number of
variables, including hematocrit, interfering substances (eg,

acetaminophen), humidity, temperature, and partial pressure
of oxygen (pOz).S'11

The International Organization for Standardization (ISO)
standard 15197:2013'* recommends test procedures and
analytical performance requirements for SMBG systems.
ISO 15197:2013 was harmonized in the European Union
as EN ISO 15197:2015" with no changes regarding its
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Table I. Characteristics of the Six SMBG Systems Evaluated.

Measurement
conditions

Enzyme (Reagent Hematocrit Temperature Humidity

System system) (%) (°Q) (%)

A Glucose 10-65 4-45 10-90
dehydrogenase

B Glucose oxidase 15-65 5-50 10-90

c Glucose oxidase 20-60 10-40 10-90

15-65

D Glucose 35-60 10-40 <85
dehydrogenase

E Glucose 30-60 10-40 <85
dehydrogenase

F Glucose oxidase 30-55 10-44 10-90

*The hematocrit range specified in the meter’s manual was 20-60%; the
hematocrit range specified in the package insert of the test strips was
15-65%.

requirements for performance studies. In Europe, manufac-
turers usually apply the ISO 15197:2013 standard to obtain
the CE (Conformité Européenne) mark for their SMBG sys-
tem. ISO 15197:2013 also requires the evaluation of influ-
ence quantities such as hematocrit and interfering substances
(eg, acetaminophen, ascorbic acid) that can affect the ana-
lytical performance of an SMBG system. According to ISO
15197:2013, hematocrit effects are acceptable if the mean
difference between the test sample at different hematocrit
levels and the respective control sample with a hematocrit
value of 42% + 2% is <10 mg/dL and <10% for blood glu-
cose (BG) concentrations <100 mg/dL and >100 mg/dL,
respectively. Hematocrit influence shall be described in the
instructions for use if the system exceeds these criteria.
Currently available SMBG systems show variations in the
labeled hematocrit ranges. Different studies showed that the
blood sample’s hematocrit value can affect SMBG measure-
ment results. %'

Therefore, in this study, the hematocrit influence was
evaluated for a novel SMBG system and five other systems
from different manufacturers with one test strip lot each
based on ISO 15197:2013. For the systems, different hema-
tocrit ranges were labeled by the manufacturers. Each system
was tested within the hematocrit range indicated in the man-
ufacturer’s labeling.

Materials and Methods

The study was conducted between May and June 2017 in
compliance with the German Medical Devices Act at the
Institut fiir Diabetes-Technologie  Forschungs- und
Entwicklungsgesellschaft mbH an der Universitit Ulm
(IDT), Germany. The study was approved by the responsible
Ethics Committee and exempted from approval by the
German Federal Institute for Drugs and Medical Devices.

Informed consent forms were signed by all participants prior
to the study procedures.

Subjects

In this study, 11 subjects (= 18 years) with diabetes mellitus
type 1, type 2, or without diabetes were included to generate
samples within each of the 3 specified glucose concentration
intervals. The subjects’ anamnesis and medication as well as
inclusion and exclusion criteria for study participation (eg,
pregnancy or lactation period, severe acute disease, and/or
chronic disease) were reviewed and interfering substances
given in the manufacturers’ labeling were checked by the
study physician.

Blood Glucose Monitoring Systems

The Accu-Chek® Instant (Roche Diabetes Care GmbH,
Mannheim, Germany) system (system A) was evaluated and
compared with five other SMBG systems (systems B to F)
(Table 1). All systems are CE-marked. All systems are avail-
able on the European market. Systems A, D, and E utilize a
glucose dehydrogenase (GDH) enzyme reaction on test strips
and systems B, C, and F utilize a glucose oxidase (GOD)
enzyme reaction on test strips. The systems show variations
in their labeled hematocrit range (Table 1) with the broadest
range indicated for system A (10-65%) and the smallest
range indicated for system D (35-60%) and system F
(30-55%).

The meter and test strips of system A were procured by
the manufacturer. Test strips of system A were provided by
the manufacturer, who also funded the study, because at the
time of study performance the CE-marked system was not
yet available in the European market. Meter and test strips of
systems B, C, D, and F were purchased from a local phar-
macy. Meters and test strips of system E were provided by
the distributor free of charge. All meters displayed plasma
equivalent glucose concentrations. The systems were stored,
adjusted, and used in accordance to the manufacturers’ label-
ing. Control measurements were performed daily prior to the
test procedure and for each test strip vial according to the
manufacturer’s labeling to ensure proper function of each
system.

Laboratory Measurement Method

Laboratory measurements were performed in duplicate with
a hexokinase method (Cobas Integra® 400 plus; Roche
Instrument Center, Rotkreuz, Switzerland). Glucose values
were provided in mg/dL. For the Cobas Integra 400 plus,
conformity to the traceability requirements of ISO 17511"
were confirmed by the manufacturer. Trueness and precision
of the analyzer were verified during the test procedures by
regular internal and external quality control measures as
required by the German national standard (Rili-BAK).'® In
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Table 2. Evaluated hematocrit levels.

Hematocrit (%)

System 10 I5 20 25 30 35 42 50 55 60 65

X — — — —
— X X — — —
X X X - -

X X X X X

- - - - x

mmQgQaO®>»
p
|
X X x
X X X X X X
X X x |
X X X X X X

- - - - x

For each system, at least five different hematocrit levels were evaluated
including a midlevel sample with a hematocrit value of 42%. Lowest and
highest hematocrit levels represent the upper and lower limits of the
acceptable range of a system as indicated in the manufacturer’s labeling.
Generated hematocrit values were within 2% for the midlevel sample
and within 3% for the other samples, except for the samples at the
lower and the upper limits (within +3% and —3%, respectively).

*The hematocrit range specified in the meter’s manual was 20-60%; the
hematocrit range specified in the package insert of the test strips was
15-65%.

addition, daily quality control measurements were performed
applying IDT-internal standard operating procedures using
National Institute of Standards and Technology (NIST) stan-
dard reference materials (SRM) 965.

Test Procedures

The evaluation was performed by trained study personnel in
a laboratory setting with controlled room temperature (21.5
to 24.2°C) and humidity (37.4% to 44.4%) based on the pro-
cedures described in detail in ISO 15197:2013, clause 6.4.3.
According to ISO 15197:2013, clause 6.4.1, three test strip
lots shall be used for the evaluation of influence quantities.
In this study, hematocrit effects were evaluated for one test
strip lot of each system.

Venous blood samples were used for the evaluation.
Samples were collected from different subjects to generate
samples in three glucose concentration categories based on
ISO 15197:2013: 30-50 mg/dL, 96-144 mg/dL, and 280-420
mg/dL. Samples were assigned to the respective category
according to the mean glucose result of the laboratory
method. Samples could be adjusted to achieve target glucose
concentrations. For this purpose, venous blood samples were
collected in lithium heparin tubes and adjustment of samples
was performed by either incubation to allow for glycolysis or
by glucose supplementation (stock solution: 40% glucose in
0.9% NaCl). The samples’ starting temperature was checked
to be 23°C £ 5°C and temperature was maintained within
+3°C of the starting temperature during the test procedures.

For each glucose concentration category, individual sam-
ples (combination of glucose concentration and hematocrit
value) with at least five different hematocrit levels were gen-
erated including a midlevel sample with a hematocrit value
of 42% =+ 2% (Table 2). The highest and the lowest hemato-
crit levels represent the upper and lower limit of a system’s

acceptable hematocrit range as indicated in the manufactur-
er’s labeling (Table 1). For the generation of individual sam-
ples with different hematocrit values, an aliquot of the sample
was centrifuged, plasma and packed cells were separated and
defined volumes of plasma, cells and whole blood were
mixed.

The hematocrit value of each individual sample was
determined in duplicate to verify the correct generation of
hematocrit values (within +2% for the midlevel sample and
within +3% for the other samples, except for the samples at
the lower and the upper limits [within +3% and —3%, respec-
tively]) (Table 2). For this purpose, samples were collected
in heparinized capillaries, the capillaries were centrifuged
and the hematocrit values were determined using an align-
ment chart.

Each individual sample was measured within 8 hours of
sample collection. Ten consecutive measurements with each
system (one test strip lot) were performed on each individual
sample (combination of glucose concentration and hemato-
crit value) using 10 different meters. Samples were applied
to the test strip directly from a syringe. Before and after the
measurements with the SMBG systems, aliquots for mea-
surements with the laboratory method were removed from
the sample. Aliquots were centrifuged and measurements
were performed on separated plasma. The difference between
the first (aliquot collected before the measurements with the
test systems) and second (aliquot collected after the measure-
ments with the test systems) laboratory measurement result
was checked to be <4 mg/dL at BG concentrations <100 mg/
dL and <4% at BG concentrations 2100 mg/dL to verify sam-
ple stability.

In addition, the pO , was determined before and after the
test procedure in each individual sample using a blood gas
analyzer (Opti™ Check; OPTI Medical Systems
Incorporation, Roswell, GA) to ensure a pO X that is compa-
rable to the PO, in native capillary blood samples.'” In addi-
tion, the difference between the pO_ determined before and
after the measurement procedure was checked to be within
+5 mmHg.

Data Analysis

Data Exclusions. Data were excluded from analysis for the
following reasons: difference between the pO, determined
before and after the measurement procedure exceeded +5
mmHg; the hematocrit value was outside the acceptable
range.

Analysis of Hematocrit Influence. Data analysis was performed
in mg/dL; for systems displaying results in mmol/L, values
were converted (1 mmol/L = 18.02 mg/dL).

For each system, hematocrit influence was evaluated for
each of the three glucose concentrations separately. The
assessment of hematocrit influence with regard to the calcu-
lation of hematocrit effects is not clearly described in ISO
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15197:2013 (differences in content between section 6.4.3.2
[acceptance criteria] and section 6.4.3.5 [data analysis and
presentation of results]). In this study, hematocrit influence
was assessed based on the requirements in section 6.4.3.5.
For each individual sample (combination of glucose concen-
tration and hematocrit value), the bias between the mean glu-
cose result measured with the test system (mean of 10
measurements) and the mean result of the laboratory method
was calculated. To assess the hematocrit influence for each
glucose concentration, the difference between the bias at
higher and lower hematocrit levels and the bias at the mid-
level (42+2%) was calculated (normalized bias).

Results

A complete presentation of results based on ISO 15197:2013
is provided in the supplements. The novel system A and the
systems B, E and F showed with the tested reagent system lot
<10% difference (normalized bias) between the bias at each
hematocrit level and the bias at the midlevel at glucose con-
centrations >100 mg/dL and <10 mg/dL difference at glucose
concentrations <100 mg/dL (Tables 3 and 4, Figure 1), thus
fulfilling criteria of ISO 15197:2013 for the hematocrit
ranges given in the manufacturers labeling. System C and D
showed with the tested lot >10% difference (normalized
bias) at glucose concentrations >100 mg/dL (Tables 3 and 4,
Figure 1). System C exceeded the defined criteria at lower
hematocrit levels (20%, 25%) when applying the hematocrit
range specified in the manual of the meter (Table 1). System
D exceeded with all investigated hematocrit levels the
defined criteria at glucose concentrations =100 mg/dL
(Tables 3 and 4, Figure 1).

Discussion

In this study, evaluation of hematocrit influence was per-
formed for a novel SMBG system and five systems with dif-
ferent hematocrit ranges with one test strip lot each under
standardized controlled laboratory conditions based on ISO
15197:2013, clause 6.4.3.

The blood sample’s hematocrit value has long been recog-
nized as a potential factor that can affect BG measure-
ments.”*'* ISO 15197:2013 describes testing procedures and
acceptance criteria for the premarket evaluation of hemato-
crit influence on SMBG measurement results; however, data
obtained in a setting based on ISO 15197:2013 are rare.

In this study, all six systems were tested within the hema-
tocrit range indicated in the respective manufacturer’s label-
ing. Labeled hematocrit ranges varied between the
investigated systems with the broadest range indicated for
system A (10-65%) and the smallest range indicated for sys-
tem D (35-60%) and system F (30-55%). According to ISO
15197:2013, hematocrit influence shall be described in the
instructions for use if it exceeds the specified limits (<10 mg/
dL and <10%). In this study, two systems (C and D) showed

remarkable hematocrit influence at medium and higher glu-
cose concentrations (96-144 mg/dL and 280-420 mg/dL).
For system C, different hematocrit ranges were indicated in
the manual of the meter (20-60%) and in the package inserts
of the test strips (15-65%). This system showed overesti-
mated glucose measurements at low hematocrit values (20%,
15%). When applying the upper hematocrit level as indicated
in the package insert of the test strips (65%), underestimated
glucose measurements were found at higher glucose concen-
trations (280-420 mg/dL). System D showed overestimated
glucose measurements at lower hematocrit levels (35%) and
underestimated glucose measurements at higher hematocrit
levels (=50%). To ensure that patients can rely on correct
measurement results, manufacturers should provide high
quality instructions for use that are correct and consistent in
the system characteristics and information provided such as
the indicated hematocrit range.

Variations in the hematocrit influence on BG measure-
ments depending on the glucose concentration and depend-
ing on the hematocrit levels have been observed in previous
studies.”®'*'® The blood sample’s hematocrit value can
affect the glucose reaction on test strips. Increasing or
decreasing hematocrit values increase or decrease blood vis-
cosity which decelerates or accelerates the diffusion of blood
components into the reaction chamber of the test strip.*'*"
Today, many SMBG systems include compensating technol-
ogies to correct the measurement for hematocrit
interferences.'**’

Regarding the clinical impact of different hematocrit lev-
els, hematocrit reference ranges are 35%-47% and 40%-52%
in adult women and men, respectively, and 42%-82% in
newborns.”' Hematocrit values between approximately 10%
and 73% were observed in hospitalized and nonhospitalized
patients.”> To prevent a potential hematocrit influence on
measurement results, patients and health care professionals
should choose an SMBG system with adequate hematocrit
range. As hematocrit depends on a variety of factors, for
example, health conditions including anemia or pregnancy,
patients and health care professionals should be aware of the
specific patient’s needs.

When interpreting results of this study it must be consid-
ered that the study design has several limitations which can
contribute to the outcome of a given system. ISO 15197:2013,
clause 6.4.1, requires the evaluation of three different test
strip lots for each system. The results shall be presented sep-
arately for every test strip lot. In this study, only one test strip
lot was used for each system. It cannot be ruled out that addi-
tional test strip lots per system may have shown differing
results between test strip lots. Specific information about dif-
ferences in hematocrit influence between test strip lots is
scarce, but the limited information suggests clinically irrele-
vant differences.® However, some of the results obtained in
this study showed remarkably biased results in dependence
of hematocrit. Because system A was not yet commercially
available, it was procured by the manufacturer, and test strips
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Table 3. Normalized Bias (mg/dL or %) for Each Glucose Concentration and Each Hematocrit Level.

System A

Glucose concentration 30-50 mg/dL

Hematocrit (%) 10.0 15.0 425 55.0 60.5 64.5
Normalized bias (mg/dL) -1.0 22 0.0 1.7 1.2 4.7
Glucose concentration 96-144 mg/dL

Hematocrit (%) 10.0 15.0 42.0 56.0 60.0 65.0
Normalized bias (%) =3.1 -23 0.0 -1.0 -0.9 -0.7
Glucose concentration 280-420 mg/dL

Hematocrit (%) 10.0 15.0 41.5 55.0 60.0 65.0
Normalized bias (%) 0.9 0.9 0.0 0.6 23 -1.3
System B

Glucose concentration 30-50 mg/dL

Hematocrit (%) 15.0 20.0 42.5 55.0 60.5 64.5
Normalized bias (mg/dL) -0.8 -5.5 0.0 1.6 23 3.6
Glucose concentration 96-144 mg/dL

Hematocrit (%) 15.0 20.0 42.0 56.0 60.0 65.0
Normalized bias (%) -23 -2.0 0.0 42 9.7 9.5
Glucose concentration 280-420 mg/dL

Hematocrit (%) 15.0 20.0 41.5 55.0 60.0 65.0
Normalized bias (%) 1.0 32 0.0 6.3 6.1 2.1
System C*

Glucose concentration 30-50 mg/dL

Hematocrit (%) 15.0 20.0 25.0 42.0 55.0 60.0 65.0
Normalized bias (mg/dL) 0.5 0.7 —0.4 0.0 1.6 2.1 1.4
Glucose concentration 96-144 mg/dL

Hematocrit (%) 15.0 20.0 25.0 42.0 56.0 60.0 65.0
Normalized bias (%) 14.8 11.0 5.4 0.0 -3.0 1.7 36
Glucose concentration 280-420 mg/dL

Hematocrit (%) 15.0 20.0 25.0 41.5 55.0 60.0 65.0
Normalized bias (%) 254 20.2 1.5 0.0 5.6 4.7 -127
System D

Glucose concentration 30-50 mg/dL

Hematocrit (%) 35.0 42.0 50.0 55.0 60.0
Normalized bias (mg/dL) 3.1 0.0 -38 -5.3 -5.2
Glucose concentration 96-144 mg/dL

Hematocrit (%) 35.0 42.0 50.0 55.0 60.0
Normalized bias (%) 10.6 0.0 -10.5 -15.0 -194
Glucose concentration 280-420 mg/dL

Hematocrit (%) 35.0 420 50.0 55.0 60.0
Normalized bias (%) 12.2 0.0 -12.9 -18.7 -255
System E

Glucose concentration 30-50 mg/dL

Hematocrit (%) 30.0 350 42.0 50.0 55.0 60.0
Normalized bias (mg/dL) 1.5 20 0.0 -2.6 -2.7 54
Glucose concentration 96-144 mg/dL

Hematocrit (%) 30.0 35.0 420 50.0 55.0 60.0
Normalized bias (%) 55 2.4 0.0 -2.5 =35 —4.2
Glucose concentration 280-420 mg/dL

Hematocrit (%) 30.0 35.0 420 50.0 55.0 60.0
Normalized bias (%) 4.9 2.4 0.0 —6.8 =37 —6.9
System F

Glucose concentration 30-50 mg/dL

Hematocrit (%) 30.0 35.0 42.0 50.0 55.0
Normalized bias (mg/dL) 0.8 0.5 0.0 0.0 —0.4
Glucose concentration 96-144 mg/dL

Hematocrit (%) 30.0 35.0 420 50.0 55.0
Normalized bias (%) 1.8 1.1 0.0 —4.6 5.5
Glucose concentration 280-420 mg/dL

Hematocrit (%) 30.0 35.0 420 50.0 55.0
Normalized bias (%) 1.3 0.2 0.0 -2.0 2.1

Normalized bias was calculated using a hexokinase laboratory measurement method.
*The hematocrit range specified in the meter’s manual was 20-60%; the hematocrit range specified in the package insert of the test strips was |5-65%.
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Table 4. Summarized Presentation of Results for Each of the Investigated Hematocrit Levels.

Hematocrit (%)

System 10 15 20 25 30 35 42 50 55 60 65
A No No — — — — NA — No No No
B — No No — — — NA — No No No
c — Yes Yes Yes — — NA — No No Yes
D — — — — — Yes NA Yes Yes Yes —
E — — — — No No NA No No No —
F — — — — No No NA No No — —

Hematocrit influences are indicated with “yes” and show a calculated normalized bias >10% and >10 mg/dL for glucose concentrations >100 mg/dL and
<100 mg/dL, respectively. No hematocrit influences are indicated with “no” and show a calculated normalized bias <10% and <10 mg/dL for glucose
concentrations >100 mg/dL and <100 mg/dL, respectively. The normalized bias was calculated by determining the difference between the bias at higher
and lower hematocrit levels and the bias at the midlevel (42 + 2%).

*The hematocrit range specified in the meter’s manual was 20-60%; the hematocrit range specified in the package insert of the test strips was |15-65%.
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Figure 1. The difference between the bias at each hematocrit level and the bias at the midlevel (42 + 2%) was calculated (normalized
bias) for the following concentration categories: 30-50 mg/dL, 96-144 mg/dL, 280-420 mg/dL. The bias was calculated using a hexokinase
laboratory method. Lines connecting individual data points are provided for a simplified visualization and do not represent measured
data. Each system was tested within the labeled hematocrit range (indicated as dashed line). Solid gray lines show <10% and <I0 mg/dL
limits at glucose concentrations =100 mg/dL and at glucose concentrations <100 mg/dL, respectively.
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were randomly chosen. Materials for system E were pro-
vided by the distributor. Both cases deviate from how patients
with diabetes typically obtain their meters and test strips.
According to ISO 15197:2013, clause 6.4.2, venous blood is
the preferred sample for the evaluation of influence quanti-
ties. However, three systems investigated in this study (sys-
tem B, C, and F) are only indicated for use with capillary
blood samples. In addition, blood samples from only a small
number of different subjects were included.

Conclusion

In this study, remarkable hematocrit influence was observed
in two systems with the evaluated reagent system lot,
although the systems were tested within the hematocrit range
indicated in the respective manufacturer’s labeling. Thus,
hematocrit variations are an important SMBG error source
that is particularly relevant in patients with increased or
decreased hematocrit values, for example, critically ill
patients. To choose an adequate system, patients should be
aware that there are variations in the labeled hematocrit
range. In addition, manufacturers should ensure that the
hematocrit range indicated in their systems’ labeling is
correct.

Abbreviations

BG, blood glucose; CE, Conformité Européenne; GDH, glucose
dehydrogenase; GOD, glucose oxidase; ISO, International
Organization for Standardization, NIST, National Institute of
Standards and Technology; pO 2 partial pressure of oxygen; SMBG,
self-monitoring of blood glucose; SRM, standard reference
material.
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