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ABSTRACT
Objective: Accurate and reliable blood glucose monitoring devices (BGMDs) are required for 
adequate self-monitoring and management for people suffering from diabetes mellitus. To 
ensure a high level of safety for patients and users of in vitro diagnostic devices, an updated 
In Vitro Diagnostic Regulation (IVDR 2017/746) has been published, including new safety 
and performance prerequisites. However, BGMD accuracy may be limited by certain ‘real-life’ 
environmental factors, which should be respected in the performance evaluation.

Methods: The temperature-and humidity-dependent performance of 4 different BGMD using 
up to 440 capillary blood samples was determined. BGMDs with associated test strips were 
stored at 15°C, 25°C and 35°C resp. at a relative humidity of 40% and 80% in order to imitate 
potential ‘real-life’ performance settings. Glucose measurements were compared to blood 
glucose values determined using standardized Laboratory equipment and were analyzed 
based on the ISO 15197:2013 system accuracy criteria. 

Results: Two out of three BGMDs provided consistent results across temperature ranges 
based on the medical threshold of a mean glucose change less than 15 mg/dl, although blood 
glucose difference of up to 96 mg/dl was found at an individual patient level after pairwise 
temperature comparison. For one device up to 31.2% of patients’ values were outside the 
defined limits when comparing 15ºC to 35ºC. Changes in humidity levels did not significantly 
influence the mean values across the BGMDs, although high deviations were observed at 
patients’ individual glucose levels. 

Conclusion: Moderate temperature and humidity changes can affect the accuracy of point-of-
care devices to a profound extent at an individual patient level. These ‘real-life’ environmental 
factors need to be included in the performance evaluation as required in the IVDR 2017/746 
in order to provide a solid testing system for novel point-of-care-devices.
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Introduction

The global prevalence of diabetes is rising 
continuously [1] and when no effective 
prevention methods are adopted, the numbers 
will raise to an estimated 693 million diabetes 

patients by 2045 [2]. Diabetes can have life-
threatening consequences if the disease is not 
managed appropriately. Therefore, strict glucose 
control and monitoring is recommended for 
patients, in order to minimize the progression 
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of diabetes and its potential complications. 
Self-monitoring of blood glucose (BG) plays an 
important role for safe and efficient therapeutic 
decisions, especially in insulin treated patients 
[3]. For this reason, a large number of medical 
device manufacturers have developed a range 
of different brands and types of blood glucose 
self-monitoring devices (BGMDs). In order to 
ensure a high level of safety for patients and users 
of in vitro diagnostic devices, including BGMDs, 
the European Parliament lays down safety and 
performance requirements for medical devices 
used in humans. A new regulation for in vitro 
diagnostic devices (IVD), the in vitro Diagnostic 
Regulation (IVDR 2017/746) of the European 
Union [4], has been published on the 5th of 
May 2017 with a 5-year transition period to 
implement new requirements on many IVD 
manufacturers seeking a Conformité Européenne 
(CE) labelling for their devices. 

The new classification system for IVD is based 
on risk rules and consists of 4 risk categories: A 
being the lowest risk up to D being the highest 
risk for patients, health care providers and 
third parties. BGMDs and the accompanying 
test strips fall under class C, defined as high 
personal risk IVD. Being classified as a class C 
product, technical documentation must be more 
detailed compared to the past and conformity 
assessment procedures will require a notified 
body-involvement in the future, similar to the 
medical device regulation. Manufacturers will 
have to conduct a performance evaluation to 
proof product safety and performance. The 
evaluation includes scientific validity, analytical 
and clinical performance as well as continuously 
monitoring of BGMDs throughout their life 
cycle with post-market performance follow-up. 
This new obligatory QM-system also includes 
a unique device identification, which enables a 
faster and more efficient product recall. 

As mentioned above, in addition to the new 
requirements stated in the IVDR 2017/746, 
BGMDs marketed in the European Union 
require a CE labelling which includes the 
International Organization for Standardization 
(ISO) standard EN ISO 15197:2015 as a 
minimum requirement [5]. The European 
Committee for Standardization (CEN) is 
requested to revise the existing standard EN 
ISO 15197:2015 in support of the Regulation 
(EU) 2017/745 for medical devices by the 
27th of May 2024. Until this date, accuracy 
requirements for BGMDs are defined as 95% 
of BG results being within ± 15 mg/dL (0.83 

mmol/L) of the reference measurement at BG 
concentrations <100 mg/dL (5.55 mmol/L) and 
within 15% at BG concentrations ≥ 100 mg/dL 
(5.55 mmol/L). Furthermore, at least 99% of all 
results have to be within the clinically acceptable 
error grid zones A+B [5]. 

Compliance with these standards are an essential 
prerequisite to ensure patient safety and avoid 
potential life-threatening hyperglycaemia or 
hypoglycaemia [6]. However, a number of 
studies have shown that there is a considerable 
number of BGMDs on the market which do 
not fulfill the minimum requirements stated in 
the ISO 15197 [7–10]. A number of factors can 
influence the analytical reliability of BGMDs, 
including environmental conditions, especially 
the prevailing temperature and humidity, as well 
as rapid shifts in ambient temperature [11–13]. 

In this respect, the new requirement for clinical 
evidence is of utmost importance to allow 
a qualified safety assessment of the device 
when used as intended by the manufacturer. 
Nevertheless, diabetes requires active self-
management by patients, which presupposes a 
competence to proficiently “obtain, process, and 
understand basic health information and services 
needed to make appropriate health decisions”, 
also known as health literacy [14].

This study’s aim was to evaluate the effect of 
changes in environmental factors, including 
temperature and humidity, on system accuracy 
of four different BGMDs based on ISO 
15197:2015 and to discuss the results in the 
light of the new IVDR 2017/746 in order to 
support the development of solid testing systems 
for novel and already used point-of-care-devices.

Methods

 � Patient blood samples and ethics

All research efforts conducted on humans 
followed the World Medical Association’s 
Declaration of Helsinki. The study was 
performed in cooperation with the diabetic 
outpatient laboratory of the Department of 
Internal Medicine I, Divisions of Nephrology 
and Endocrinology at the Paracelsus Medical 
University in Salzburg from which a total of 
440 blood samples were retrieved. BG values 
measured at the outpatient laboratory using the 
Biosen C Line (EKF Diagnostic) were used as a 
reference value. Informed consent was obtained 
from of all participants as part of a larger study 
(DM2CUA). 
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Ethics approval: The ethics commission of the 
county of Salzburg approved the study under the 
following number: 415-E/2438/3-2018. 

 � Investigational devices

In the study, four different BGMD were used: 
Accu-Chek® Performa (ACP) and its follow up 
device Accu-Chek® Guide (ACG) from Roche, 
CONTOUR® NEXT ONE (CON) from 
Ascensia Diabetes Care and FreeStyle Freedom 
Lite (FFL) from Abbott. Additional materials, 
including test strips (various test strip lots were 
used) and control solutions, were used according 
to the information provided by the manufacturer. 
These devices were chosen since they were at the 
time of the study the most widely prescribed 
BGMDs in Austria. 

 �  Study procedures

Temperature dependency of BGMD: The 
temperature dependent performance of three 
different BGMD (ACP, CON and FFL) 
using 440 patient capillary blood samples was 
determined. Over the course of the experiment, 
which was executed across 22 days, two BGMDs 
per manufacturer and brand plus associated test 
strips were stored in an appropriate incubator 
(Cooling incubator KB 53 E3.1, Binder; LLG-
uniINCU 20 Digital Mini Incubator, LLG 
Labware) for each temperature level (15, 25 
and 35°C) to ensure controlled conditions 
and avoid temperature fluctuations. Various 
lot numbers of test strips were used during 
the study. Control solutions for each device, 
with a glucose concentration range specified 
by the manufacturer, and capillary blood were 
measured in duplicate with each of the BGMD 
at all three temperature levels (n=2 × 440 for 
each temperature). Control measurements using 
control solutions provided by the manufacturers 
were carried out daily at ambient temperature to 
check the system accuracy of the BGMDs.

Effect of humidity on BGMD: The humidity 
dependent performance of three different 
BGMDs (ACG, CON and FFL) using 127 
patient capillary blood samples was determined. 
Two BGMDs per manufacturer and brand plus 
associated test strips were stored in a constant 
climate chamber (HPP110, Memmert) at a 
stable temperature of 20°C and a humidity 
of either 40% or 80% to ensure controlled 
conditions and avoid humidity and temperature 
fluctuations. According to a recommendation of 
Memmert, BGMDs were stored in the climate 
chamber without batteries. Control solutions 
and capillary blood from a total of 127 patients 

were analyzed in duplicate with all three BGMDs 
at both relative humidity-levels (n=2 × 127). 
The values detected in the diabetic outpatient 
laboratory were used as reference values. 

 �  Data analysis

All data were imported to IBM SPSS Statistics 
version 25 (IBM Corporation, NY, US). 
Statistical analysis regarding temperature- and 
humidity-dependency were performed using 
the Wilcoxon Signed Rank test including 
Bonferroni correction for pairwise comparison 
within each device (temperature and humidity) 
as well as between device for humidity data and 
Kruskal Wallis Test (non-parametric data) and 
Dunn’s PostHoc test was used for comparison 
between the devices for temperature data. 
Analysis was performed based on the sample’s 
glucose concentrations (<100 mg/dl and ≥ 100 
mg/dl) as stipulated in ISO 15197:2013. Data 
is reported as minimum and maximum change 
in glucose concentration, the mean change in 
glucose concentration with standard deviation 
as well as pairwise comparisons. In addition, the 
percentage of values outside the range defined 
by ISO 15197:2015-12 (± 15 mg/dl or ± 15% 
at glucose concentrations of <100 mg/dl resp. ≥ 
100 mg/dl) is given.

Results

 � Temperature dependent performance 
based on control solutions

Temperature dependent performance of the 
three BGMDs was first determined using 
control solutions for each device with a 
glucose concentration range specified by the 
manufacturer under certain conditions. For 
FreeStyle Freedom Lite (FFL) and Accu-Chek® 
Performa (ACP) all control measurements were 
within the specified range at all temperatures 
measured FIGURE 1. 

FIGURE 1.  Temperature dependent performance of FFL, ACP 
and CON based on control solution measurements. The grey 
area indicates the specified control range for each solution. 
FFL (Low 30 mg/dl–60 mg/dl; High (248 mg/dl–372 mg/dl), 
ACP (Low 30 mg/dl–60 mg/dl; High 254 mg/dl–344 mg/dl), 
CON (Low 36 mg/dl–45 mg/dl; Middle 108 mg/dl–139 mg/
dl; High (318 mg/dl–397 mg/dl). Data shown as mean ± S.D 
(n=44). 
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For the CONTOUR® NEXT ONE (CON), 
only the control measurements at 25°C were 
within the range, however at 15°C and 35°C, the 
measurements at all levels (low, middle and high 
glucose concentration) were outside the specified 
range. 

 � Temperature dependent performance of 
BGMD based on patient samples

Temperature dependency on the performance 
of the three BGMDs, independent of the lot 
number which was used, was further determined 
using samples from 440 diabetes patients. All 
patient samples were measured in parallel with 
each of the devices at 15, 25 and 35°C. Direct 
pairwise comparison between the temperature 
levels within each device resulted in significantly 
different values for the devices FFL and CON 
at all temperatures (p<0.01; except FFL 25/35°C 
p=0.028) FIGURE 2. ACP did not show any 
significant differences at any of the temperatures 
measured. In addition to statistical significance, 
the actual values and deviations according to the 
ISO 15197:2015-12 are given in TABLES 1 and 
2. Values outside the defined fluctuation range-
between 4.2% and 31.2% of all measures-gave 
either too low or too high glucose concentrations. 
The highest deviation was found for CON 
comparing temperature levels 15 and 35°C. 

Further statistical analysis was performed based 
on the lot number used for each device (FFL-
4 different lots, ACP-3 different lots, CON-2 
different lots) FIGURE S1 and TABLE S1. The 
same trend for temperature dependency was 
seen for each device lot compared to the mean 
of all lots per device which indicates consistency 
between the lots. 

To account for device differences, the 
performance between the three devices at 
each temperature level was analyzed, based 
on the whole patient population. At 15°C, no 
significant difference was observed, however 
significant differences were reached comparing 
FFL with CON at 25°C (p<0.0001/Δ 15,5 mg/
dl glucose) and CON with ACP (p<0.0001/Δ 
13 mg/dl glucose) as well as CON with FFL 
at 35°C (p<0.0001/Δ 27 mg/dl glucose). To 
account for differences between standardized 
equipment (reference values) and point of care 
devices, comparison was performed between the 
patient values measured at the hospital (reference 
values) at room temperature and each device at 
25°C which re sulted in significant differences 
(p<0.01/FFL Δ 12 mg/dl; ACP Δ 32 mg/dl; 
CON Δ 37 mg/dl glucose) for all measures. 
Further details comparing the reference device 
with the BGMD based on low and high glucose 
values can be found in TABLE S2. 

TABLE 1. Temperature dependent performance of FFL, ACP and CON based on control solution 
measurements. The grey area indicates the specified control range for each solution. FFL (Low 
30 mg/dl–60 mg/dl; High (248 mg/dl–372 mg/dl), ACP (Low 30 mg/dl–60 mg/dl; High 254 mg/
dl–344 mg/dl), CON (Low 36 mg/dl–45 mg/dl; Middle 108 mg/dl–139 mg/dl; High (318 mg/
dl–397 mg/dl). Data shown as mean ± S.D (n=44).

Device Temperature 
comparison Group Δ mg/dl range min - 

max (mean ± stdev)
% values out of 

range

FFL

15°C/25°C
<100 mg/dl -42–74 (-0.1 ± 8.9) 6.9
≥ 100 mg/dl -61–54 (2.3 ± 10.1) 5.5

15°C/35°C
<100 mg/dl -26–40 (1.5 ±7.6) 8.3
≥ 100 mg/dl -56–54 (4.0 ± 11.9) 7.8

25°C/35°C
<100 mg/dl -21–50 (1.7 ± 8.6) 4.2
≥ 100 mg/dl -50–96 (1.7 ± 13.4) 4.4

ACP

15°C/25°C
<100 mg/dl -76–16 (-1.6 ± 8.7) 6.1
≥ 100 mg/dl -89–36 (-2.1 ± 12.8) 8.0

15°C/35°C
<100 mg/dl -29–74 (-1.1 ± 6.2) 8.6
≥ 100 mg/dl -46–43 (-2.1 ± 12.6) 9.1

25°C/ 35°C
<100 mg/dl -30–25 (0.5 ± 6.3) 4.3
≥ 100 mg/dl -65–48 (0.0 ± 11.1) 4.7

CON

15°C/25°C
<100 mg/dl -37–67 (-6.9 ± 12.3) 7.1
≥ 100 mg/dl -62–34 (-8.5 ±11.0) 7.1

15°C/35°C
<100 mg/dl -51–64 (-7.6 ±53.1) 16.6
≥ 100 mg/dl -70–72 (-17.5 ±19.7) 31.2

25°C/35°C
<100 mg/dl -28–28 (-0.7± 52.4) 4.9
≥ 100 mg/dl -55–51 (-9.0 ± 18.1) 12.3
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 � Humidity dependent performance 
based on control solutions and patient 
blood samples

Humidity dependency on the performance of 
the three BGMD was determined at a humidity 
of 40% and 80%. Quality control measurements 
were performed using the control solutions 
for each device at both humidity-levels. All 
control measurements were within the specified 
control range as defined by the manufacturers, 
indicating no performance deviation dependent 
on humidity. In addition to the control solution 
measurements, 127 patient blood samples were 
used to determine variations in the results based 
on humidity changes. Statistical analysis of direct 
pairwise comparison between the humidity 
within each device resulted in significantly 
different values (p<0.01) for the devices ACG 
and CON FIGURE 3. 

In addition, we report the minimum and 
maximum glucose change, the mean glucose 
changes as well as the percentage of values 
outside the ISO defined range after pairwise 
humidity comparison TABLE 2. Even though 
the results from devices ACG and CON are 

Table 2. Humidity dependent performance of the three BGMDs. For each pairwise comparison 
between humidity levels, the patients are grouped into low (<100 mg/dl) and high (≥ 100 mg/dl) 
BG concentrations (sorted on the glucose concentration at 25°C). Data is shown as minimum and 
maximum change in glucose concentration as well as the mean change in glucose concentration 
with standard deviation. In addition, the percentage of values outside the range defined by ISO 
15197:2015-12 (± 15 mg/dl or ± 15% at glucose concentrations <100 mg/dl resp. ≥ 100 mg/dl) 
is given.

Device Humidity 
comparison Group Δ mg/dl range min- 

max (mean±stdev)
% values

out of range

FFL 40% vs 80%
<100 mg/dl -23–16 (1.9 ± 6.5) 5.9
≥ 100 mg/dl -53–20 (0.4 ± 9.3) 3.9

ACG 40% vs 80%
<100 mg/dl -7–6 (-0.5 ± 2.6) 0.0
≥ 100 mg/dl -25–13 (-1.7 ±  5.3) 0.0

CON 40% vs 80%
<100 mg/dl -17–5 (1.8 ± 3.9) 2.3
≥ 100 mg/dl -26–40 (-3.7 ± 8.8) 1.2

FIGURE 2.  Temperature dependent performance of the three BGMD. 
Glucose values are shown dependent on the temperature as well 
as the device which was used for the measurement. All pairwise 
comparisons based on temperature within one device resulted in 
p<0.01; except FFL 25°C/35°C p=0.028. Pairwise comparison between 
the reference device and the BGMD at 25ºC resulted in significant 
differences (p <0.01/ FFL Δ 12 mg/dl; ACP Δ 32 mg/dl; CON Δ 37 mg/
dl glucose). Data is shown as mean ± SEM (n=440 patient samples). 

FIGURE 3.  Humidity dependent performance of the 
three BGMD. Glucose values are shown dependent on the 
humidity level as well as the device which was used for the 
measurement. Pairwise comparison resulted in significantly 
different values (p<0.01) for the devices ACG and CON. Data 
is shown as mean ± SEM (n=127 patient samples).  
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considered statistically significant and individual 
glucose values show a high variation all changes 
are within the requirements stated by the ISO 
15197:2015-12 and therefore not considered 
significant in a medical sense. In addition, only 
up to 5.9% of the measures were outside the 
defined fluctuation limit TABLE 2.

To account for device differences, the 
performance between the 3 devices at each 
humidity was analyzed and showed significant 
differences only between the devices ACG and 
FFL at 80% humidity (p<0.01; Δ 3 mg/dl). 
However, all changes are within the requirements 
stated by the ISO 15197:2015-12 and therefore 
not considered significant in a medical sense.

Discussion

In the scope of this study, we evaluated the 
performance of 4 frequently used point-of-care 
glucose test systems that are affected by changes 
in temperature and humidity with which users 
have to deal under ‘real-life’ circumstances. 
Accurate glucose monitoring is critical for 
appropriate glycemic management, which 
includes appropriate storage and handling of 
all test equipment, correct use of the BG meters 
and consistency and accuracy of the test strips 
and lots used. In addition, environmental 
factors, such as temperature, humidity, altitude 
and electromagnetic radiation, physiological 
factors as well as medication have a potential 
impact on the analytical performance of the 
devices [3]. A brief survey focusing on the day-
to-day diabetes management of 20 diabetes 
patients performed at the Salzburg University of 
Applied Sciences showed limited health literacy 
skills and inadequate handling of their device 
of these patients despite having had a training 
course [15]. Marciano, et al. acknowledged in 
their meta-analysis, that “higher levels of health 
literacy were significantly associated with better 
diabetes knowledge and lower levels of HbA1C” 
[16] indicating the importance for the role of 
health literacy in self-care and glycemic control. 
The relatively low level of health literacy shows, 
that the use of the BGMD should be fool-prove 
in order to ensure reliable measurements. This 
asks for a system that is stable under all usual 
circumstances. 

Measurement reliability and accuracy of the 4 
BGMDs was assessed using a moderate change 
of temperature, including 15°C, 25°C and 35°C, 
and humidity-levels including 40% and 80%. 

Even at these moderate changes we could identify 
significant differences in the patient BG readout 
as well as control solution readouts for BGMDs 
from certain manufacturers. Overall, ACP/ACG 
and the FFL provided consistent and reliable 
results across the temperature and humidity 
ranges using control solutions as well as patient 
blood samples (mean glucose changes less than 
15 mg/dl). In contrast, CON provided unstable 
results across the control solution measurements 
and exceeded the medical threshold of the 
mean glucose change of 15 mg/dl comparing 
15°C to 35°C. Even though the mean changes 
in glucose values after pairwise comparison are 
mainly within the defined fluctuation range 
(except CON), individual changes were shown 
to be quite substantial in all BGMDs ranging 
from, e.g. -61 mg/dl to +96 mg/dl for FFL 
and -70 mg/dl to +99 mg/dl for CON. This is 
reflected by up to 9% of patient’s values being 
outside the defined limitation for FFL and ACP 
and up to 31,2% for CON, whereby higher 
deviation is seen with blood glucose level (BGL) 
above 100 mg/dl. With respect to humidity 
measures, all devices resulted in consistent 
mean glucose concentrations for both, control 
solutions as well as patient samples. However, 
individual glucose levels, reported as minimum 
and maximum change in glucose concentration, 
showed a substantial (ACG and CON) deviation 
comparing the two humidity levels. 

Studies investigating the accuracy of BGMD at 
a range of temperatures from 12°C–35°C and 
humidity from 49–100% showed that both 
temperature and humidity had significant effects 
on the reliability of nearly all BGMDs, whereby 
the effect of temperature was greater than the 
effect of humidity [17, 18]. A 15 to 30 minutes 
acclimatization of BGMDs to room temperature 
is reported to lessen these effects [19].

Our study highlights the range of variations in BG 
values based on changes in temperature, humidity 
and device used. Even though the mean change 
in BGL for the various comparisons performed 
where within the accuracy requirements 
stipulated by International Organization 
for Standardization (ISO) 15197:2003, the 
variations per patient are alarming, leading to 
inappropriate applications of insulin doses, 
thereby causing potentially life threatening 
hypoglycemia or hyperglycemia. Up-to-date 
point-of-care devices should include a warning 
if the environmental conditions including 
temperature and humidity are outside the 
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reliable operating conditions with an appropriate 
health-literacy-sensitive education of the patient 
upon receipt of their point-of-care device. The 
newly required ‘in-use’ stability report as stated 
in IVDR EU 2017/746 Annex II 6.3, shelf life 
validation as well as post-market follow-up will 
provide essential information on the ‘real-life’ 
performance of newly developed BGMD and 
will considerably contribute to patient safety 
and protect users of in vitro diagnostic devices 
by minimizing intra-and inter-variations of 
BGMD.

Conclusion

Even moderate temperature and humitidy 
changes affect the accuracy of BGMDs to a 
profound extent at an individual patient level. 
In addition, the results vary depending on 
the device used. Therefore, precisely defined 
regulations as required by the IVDR 2017/746 
are urgently needed to ensure the accuracy of 
the BG measurements independent of the device 
used. In addition, a thorough consultation and 
continuous training of the patients regarding the 
handling and maintenance of their BGMD is 
essential to avoid insulin over- or under-dosing.
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