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OBJECTIVE — To determine the reliability of five blood glucose meters (BGMs) at various
simulated altitudes using a hypobaric chamber.

RESEARCH DESIGN AND METHODS— Blood glucose levels (ranged from 1.5 to
26.3 mmol/1, according to the reference method) were measured in 18 venous blood samples
by each BGM at 200, 1,000, and every 500 m up to 4,000 m in a hypobaric chamber, where
temperature and humidity were held constant.

RESULTS — Four BGMs underestimated and one overestimated blood glucose concentra-
tion while barometric pressure decreased. The average percent error varied in relation to sim-
ulated altitude from 0.26 ± 4.8% (SD) at 200 m to -28.9 ± 4.5% at 4,000 m (Glucometer 3; P
< 0.05), from 28.4 ± 5.7 to 49.3 ± 5.9% (Accu-Chek Easy; P < 0.05), from -10.5 ± 2.6 to
19.8 ± 4.3% (Tracer; P < 0.05), from -5.5 ± 2.6 to -11.2 ± 3.0% (Reflolux; NS), and from
17.8 ± 4.3 to 14.8 ± 3.6% (One Touch; NS). The most accurate seemed to be the Reflolux,
except for high blood glucose levels at simulated high altitudes. The One Touch II showed a
good agreement, whatever the barometric pressure and the range of blood glucose concentra-
tions. The highest underestimation was seen with the Glucometer 3.

CONCLUSIONS— Except for the Accu-Chek Easy, low barometric pressure underesti-
mated the BGM results in comparison with measurements taken at simulated low altitudes.
The lack of accuracy and consistency of performance >2,000 m should be known by diabetic
patients practicing sports activities, such as trekking or skiing at high altitudes.

An important goal in IDDM treatment
is to give patients the chance to live
as normally as possible, remaining

physically active and able to participate in
different sports and leisure time activities.
However, muscular exercise may induce
hypoglycemia or worsen poor metabolic
control (1,2). These risks may be avoided
by decreasing insulin doses, adjusting the
diet, and maintaining good metabolic con-
trol. Self blood glucose monitoring is
mandatory to check adjustments of
insulin dose and carbohydrate ingestion.
Many blood glucose meters (BGMs) avail-
able for diabetic patients were found to be
reliable and accurate at sea level (3,4).

However, sports activities at high altitudes,
such as trekking or skiing, usually entail
long-lasting exercise in the cold and there-
fore require rigorous blood glucose moni-
toring. However, at high altitudes, capil-
lary blood glucose monitoring may be
unreliable because of changes in tempera-
ture, humidity, and barometric pressure
(5-8). Because most BGMs are based on
the glucose oxidase method, the altitude-
linked decrease in partial pressure of oxy-
gen may alter BGM performances. It has
been shown that many BGMs underesti-
mated blood glucose values at 2,244 m
(6,800 feet) (6). The present study aimed
at evaluating five BGMs currently used in
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Europe, at various levels of simulated alti-
tude up to 4,000 m (12,120 feet) by steps
of 500 m (1,515 feet).

RESEARCH DESIGN AND
METHODS — Five BGM systems were
evaluated in this study: Accu-Chek Easy,
Reflolux SF, Tracer (Boehringer Mannheim,
Indianapolis, IN), One Touch II (Lifescan,
Milpitas, CA), and Glucometer 3 (Bayer
Diagnostics, Ames, Elkhart, IN). These sys-
tems measure blood glucose using the col-
ored chromogen produced by the glucose
oxidase-peroxidase reaction. Identifying
which BGMs overestimate low blood glu-
cose values and which underestimate high
values may be of great clinical importance.
We therefore analyzed BGM performance
in three ranges determined by the reference
method: blood glucose levels <5.6
mmol/1, between 5.6 and 13.9 mmol/1, and
>13.9 mmol/1 (6). Venous blood samples
were obtained from healthy Caucasian
subjects who gave their free, informed, and
written consent. Venous blood samples
were enriched with glucose solutions so
that blood glucose concentrations covered
the hyperglycemic range. The hypo-
glycemic range blood samples were
obtained after the intravenous regular
insulin injection as described by Bonora et
al. (9). Samples were collected into lithium
heparin tubes, and glucose concentrations
were immediately determined in duplicate
by a reference method not dependent on
the partial pressure of oxygen. Our method
was a colorimetric method using ortho-
toluidine (10). Blood glucose levels were
assayed spectrophotometrically at 630 nm
(coefficient of variation ~3%). We studied
18 samples with glucose concentrations
ranging from 1.5 to 26 mmol/1, according
to the reference method.

These samples were evaluated using
the five BGMs under local barometric pres-
sure (BP -765 mmHg, 200 m, 606 feet)
and under hypoxic conditions in a hypo-
baric chamber from 1,000 m (3,030 feet;
BP = 674 mmHg) to 4,000 m (12,120 feet;
BP = 462 mmHg) by steps of 500 m (1,515
feet). Blood samples were maintained in ice
during the sojourn in the hypobaric cham-
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Table 1—Linearity of the blood glucose data and estimation of the agreement between experimental and reference methods at each simu-
lated altitude

m 150
feet 454

Accu-Chek Easy
r 0.96
t 3.32
Bias -2.33 ±2.56

Glucometer 3
r 0.99
t -5.08
Bias 0.70 ±1.46

One Touch 11
r 0.98
t 2.96
Bias -1.85 ±2.18

Reflolux SF
r 0.99
t 0.85*
Bias 0.26 ±1.03

Tracer
r 0.97
t -3.06
Bias 0.84 ±1.78

1,000
3,030

0.98
4.91

-2.50 ±2.40

0.98
-6.35

1.64 ±1.99

0.99
3.07

-1.70 ±1.75

0.99
-2.05*

0.74 ±0.85

0.97
-3.85

0.97 ±1.73

1,500
4,545

0.98
5.80

-2.79 ±2.60

0.98
-9.49

2.24 ±2.32

0.98
1.79*

1.56 ±1.95

0.99
0.18*

0.48 ± 0.92

0.98
-3.25

1.25 ±1.43

Altitude

2,000
6,060

0.98
6.81

-3.12 ±2.79

0.98
-5.82

2.14 ±1.99

0.98
2.60

-1.65 ±1.86

0.99
-1.15*

0.53 ±0.77

0.98
-4.76

2.06 ±1.90

2,500
7,575

0.99
19.78

-3.19 ±2.38

0.99
-19.58

3.12 ±3.10

0.99
-1 .11*

-0.79 ±1.28

0.99
-3.86

1.37 ±1.68

0.99
-8.87

2.55 ±2.46

3,000
9,090

0.99
13.28

-3.26 ±2.46

0.99
-18.33

3.62 ± 3.63

0.99
-1.40*

-0.56 ±1.27

0.97
-4.42

1.44 ±2.32

0.99
-10.90

2.53 ±2.69

3,500
10,605

0.99
22.26

-3.78 ±2.93

0.98
-20.38

4.06 ±3.91

0.99
-0.45*

-0.87 ±1.28

0.98
-0.83*

0.70 ± 0.69

0.99
-12.41

2.15 ±2.56

4,000
12,120

0.99
11.13

-3.67 ±3.13

0.98
-17.56

3.90 ± 3.44

0.98
-1.06*

-0.96 ±1.42

0.99
-0 .71*

0.56 ± 0.48

0.98
-10.12

2.27 ± 2.89

Data for bias are means ± SD. r, Pearson's correlaton coefficient of the linear relationship among glucose measurements using BGMs and the reference method; (,
values calculated to compare the regression lines with the identity line; *, indicates that the regression line did not differ significantly from the identity line; bias
is the difference between the methods.

her. Each step was reached in 5 min, and
measurements were carried out after 10
min, so that the total duration of each step
was 20 min. Glucose measurements at
each simulated altitude were compared to
those obtained by the reference method
under local barometric pressure. Before
and three times during the sojourn in the
hypobaric chamber, blood glucose concen-
trations were measured by the reference
method under local barometric pressure to
check the lack of drift over time. Before the
testing session, the BGM systems were cali-
brated according to the manufacturers rec-
ommendations. Blood was placed on the
meter reagent strip using a graduated
pipette. Coefficients of variation of each
BGM were determined under local baro-
metric pressure and averaged 5% (range
4.3% for the One Touch II to 5.7% for the
Glucometer 3).

Statistical analysis assessed agreement
between BGM determination of blood glu-
cose and the reference method at each alti-
tude. Measurement linearity was tested
using Pearsons correlation coefficient (r).
The estimated slope (b) of the regression

line reflecting the relationship was com-
pared with the slope of the identity line (b
= 1) using a t test. In addition, the agree-
ment between each BGM and the reference
method was estimated after plotting the
differences in blood glucose between the
two methods against their mean (11). The
mean of the differences represented the
bias between the methods. This value ± 2
SD represented the limits of agreement for
glucose measurement using the BGM sys-
tem. Accuracy of each BGM system was
estimated by calculating percent error (PE):

PE (%) =

blood glucose (BGM) —
blood glucose (reference)

blood glucose (reference)
X 100%

An analysis of variance (ANOVA) was
used to analyze the effect of simulated alti-
tude on measurement percent error.
Scheffes test was used for post hoc com-
parisons when needed.

R E S U L T S — Temperature and relative
humidity during blood glucose measure-
ments in the hypobaric chamber were

19.6 ± 0.6°C and 36.7 ± 4% (means ±
SD), respectively. No significant difference
in blood glucose measurements was
observed over time using the reference
method at local barometric pressure (F =
0.22, P > 0.98). All blood glucose meas-
urements obtained from BGMs and the
reference method were highly related (see
r coefficients in Table 1). Decreased partial
pressure of oxygen did not affect correla-
tion coefficients.

Accu-Chek Easy
The regression lines representative of the
relationship between blood glucose meas-
urements using this sensor and the refer-
ence method significantly differed from
the identity line at each altitude (Table 1).
The bias estimated by the mean difference
between the reference and the BGM sys-
tem methods was markedly negative and
increased with altitude (Table 1, Fig. 1).
The limits of agreement were wide and
increased as barometric pressure
decreased (Fig. 1). As shown in Table 2,
the Accu-Chek Easy overestimated blood
glucose in all three measurement ranges.
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This overestimation of blood glucose
measurements slightly increased when
barometric pressure decreased (P < 0.05).
In addition, this sensor identified only
three of the six high-glucose concentra-
tions >3,000 m (7,575 feet).

Glucometer 3
At all altitudes, the regression lines of this
BGM significantly differed from the identity
line (Table 1). Above 1,500 m (4,545 feet),
the bias was high, exceeding 2 mmol/l
(Table 1, Fig. 1). The limits of agreement
were wide for altitudes as low as 1,500 m
(4,545 feet) (Table 1, Fig. 1). Except for
glucose concentrations <5.6 mmol/l, this
sensor underestimated blood glucose meas-
urements. This increased when barometric
pressure decreased (P < 0.001) and was
>30% at 2,500 m (7,575 feet) for blood
glucose levels >5.6 mmol/l (Table 2).

One Touch II
Figure 1—Residual plot of the blood glucose results obtained using BGMs and the reference method. Except for low altitudes, the regression
Difference between methods was the result using reference method minus result using BGM. lines did not significantly differ from the

Table 2- —Percent error of the blood glucose measurements (mmol/l) determined at each simulated altitude

m
feet

150
454

Accu-Chek Easy
<5.6
5.6-13.9
>13.9
All ranges

Glucometer 3
<5.6
5.6-13.9
>13.9
All ranges

One Touch 11
<5.6
5.6-13.9
>13.9
All ranges

Reflolux SF
<5.6
5.6-13.9
>13.9
All ranges

Tracer
<5.6
5.6-13.9
>13.9
All ranges

Data are %.

26.56
26.39
35.48
28.41

18.77
-12.73
-10.51

0.26

18.11
16.44
18.51
17.76

-4.95
-8.92

0.05
-5.45

1.86
-16.28
-12.05
-10.46

1,000
3,030

28.68
28.02
39.02
30.66

11.59
-21.56
-18.13
-8.65

14.60
16.77
17.19
16.15

-13.49
-7.54
-5.79

-10.91

-0.75
-14.83
-15.69
-11.11

1,500
4,545

17.60
38.58
42.46
30.42

4.95
-24.64
-26.54
-14.87

20.20
20.82
13.73
18.09

-16.25
-6.10
-2.46
-9.63

-8.96
-17.38
-15.19
-14.60

Altitude
2,000
6,060

28.90
44.55
48.31
38.65

3.19
-28.57
-23.65
-15.63

17.70
15.01
18.98
17.36

-18.67
-3.42
-3.49

-10.29

-18.51
-20.79
-19.36
-19.19

2,500
7,575

30.11
43.63
45.39
38 71

1.90
-33.58
-31.11
-20.18

13.53
16.83
4.54

11.33

-18.66
-13.64
-10.78
-15.70

-16.89
-25.21
-22.16
-21.39

3,000
9,090

30.96
44.33
47.04
39.18

1.98
-37.52
-36.04
-23.06

10.08
12.12
3.29
8.28

-16.40
-9.98

-11.90
-15.04

-12.41
-22.60
-23.12
-19.38

3,500
10,605

45.54
51.50
55.79
49.87

-1.72
-38.90
-44.62
-27.79

21.23
14.69
5.83

13.87

-22.70
-5.50

—
-14.26

-10.61
-18.19
-24.05
-19.08

4,000
12,120

49.87
41.68
60.87
49.30

-6.72
-41.23
-40.84
-28 91

18.70
20.29

6.25
14.77

-17.05
-5.65

—
-11.20

-7.32
-21.74
-24.37
-19.78

Overall
effect

of altitude

NS
P<0.01

NS
P < 0.05

P < 0.05
P < 0.001
P < 0.001
P < 0.001

NS
NS
NS
NS

NS
NS
NS
NS

NS
NS

P < 0.05
P < 0.05
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identity line (Table 1). The bias was <1
mmol/1 above 2,000 m (6,060 feet; Table
1). As shown in Fig. 1, the degree of agree-
ment of this system was acceptable at alti-
tudes exceeding 2,000 m (6,060 feet) and
up to 3,500 m (10,605 feet). The sensor
overestimated blood glucose values
throughout all ranges (Table 2). Interest-
ingly, despite the lack of statistical signifi-
cance, the accuracy of this system tended
to increase for higher blood glucose levels
(>13.9 mmol/1) as altitude increased.

Reflolux SF
As shown in Table 1, the regression lines
did not significantly differ from the iden-
tity line up to 2,000 m (6,060 feet). The
bias remained small up to 2,000 m (6,060
feet; Table 1, Fig. 1). The limits of agree-
ment estimated from Fig. 1 were narrow,
suggesting that the use of this sensor for
blood glucose measurements is acceptable
at intermediate altitudes (<3,000 m,
9,090 feet). The Reflolux SF slightly
underestimated the blood glucose values
in all ranges (Table 2). This tended to
increase as altitude increased when meas-
uring glucose concentrations <5.6
mmol/1. Moreover, this sensor did not
identify most of the high blood glucose
levels >3,000 m (7,575 feet).

Tracer
As with Glucometer 3, the Tracer regres-
sion lines significantly differed from the
identity line at each altitude level (Table
1). The bias was >2 mmol/1 as low as
2,000 m (6,060 feet; Table 1). The limits
of agreement were wide and the system
performances decreased with barometric
pressure (Fig. 1). This BGM system under-
estimated whole blood glucose when
measuring blood glucose levels >5.6
mmol/1 (Table 2). The measurement of
percent error increased when barometric
pressure decreased (P < 0.05).

CONCLUSIONS— This study was
designed to assess the specific effect of
oxygen partial pressure decrease on BGM
system performance. High altitude is
mainly characterized by a decrease in par-
tial pressure of oxygen, ambient tempera-
ture, and relative humidity. Deviations in
blood glucose concentrations using BGMs
at high altitudes could result from errors
due to one or more of these factors (6). An

increase in hematocrit, a factor known to
alter the measurements of blood glucose
with BGMs, may also occur in subjects
chronically exposed to high altitude (12).
In the present study, only partial oxygen
pressure was progressively decreased to
simulate altitude, ambient temperature,
and relative humidity remaining constant,
while hematocrit did not change over
time. This suggests that changes in local
barometric pressure contribute to loss of
BGM system performance at high alti-
tudes. The BGMs evaluated in our study
measure blood glucose using glucose oxi-
dase-peroxidase chromogen reaction
reflectance analysis. It has been postulated
that decreasing partial oxygen pressure
alters the second phase of the chromogen
reaction and leads to true blood glucose
values underestimation (5), while increas-
ing atmospheric pressure overestimates
blood glucose concentrations (13). The
overestimation of the Accu-Chek Easy,
which rose with altitude, could also be
explained by the specific chromogen reac-
tion used in this sensor.

Overall, four out of five BGMs underes-
timated blood glucose measurement, while
Reflolux seemed more accurate. At high
altitudes, however, this sensor did not iden-
tify most blood glucose levels >13.9
mmol/1. The BGM showing the best agree-
ment was the One Touch II, whatever the
altitude and range of blood glucose concen-
trations. Up to 1,500 m, the Glucometer 3
showed good accuracy and agreement.

Patients living in or exposed to high
altitude should be aware of low barometric
pressure effects on each BGMs perfor-
mance. It has been recently proposed that
blood glucose monitoring devices using a
non-oxygen-dependent hexokinase reac-
tion gave readings unaltered by changes in
barometric pressure (13) and could be rec-
ommended for these patients.
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