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Abstract The accuracy, reliability and linearity in two
hand-portable lactate analyzers, the Accutrend Lactate®

(AL) and the Lactate Pro™ (LP) versus the EBIO® plus
analyzer (EP) were evaluated. For accuracy, duplicate sam-
ples recorded on both the AL and LP revealed an overall
average diVerence versus EP (P < 0.05). The limits of
agreement between AL and EP were ¡0.7 to +1.0, and
¡1.3 to +1.5 mM between LP and EP. Reliability of AL
and LP was assessed at diVerent lactate concentrations;
coeYcient of variation ranged between 1.8 and 3.3% for
AL and between 2.8 and 5.0% for LP. AL and LP had a
good reliability for intra-, inter-analyzers, and between test
strips (ICC r = 0.999). The linearity was determined versus
the EP as reference. The slope coeYcient of AL (1.0394)
was closer to 1 than that of LP (1.1053). On these bases,
AL and LP can be individually considered suitable for the
sports research Weld.

Keywords Portable lactate analyzers · Accuracy · 
Reliability · Linearity

Introduction

It is well known that lactate concentration provides a useful
source to get training information such as optimal training
intensity calculated on the individual anaerobic threshold
(IAT) (Baldari and Guidetti 2000). Moreover, incremental
blood lactate exercise tests are accepted as valid and reli-
able estimators of endurance performance (Bishop 2001),
and also as a good indicator of the anaerobic contribution to
exercise from lactic acid formations. Trainers claimed for
the need to collect lactate concentration directly on the Weld
session, as incremental load exercise assessed in laboratory
is not versatile and often unsuitable. Portable analyzers are,
in fact, useful tools for the coach and the athlete to monitor
steady-state exercise intensities as well as to evaluate
metabolic responses to exercise and training adaptation.
Hand-portable lactate analyzers have the advantage to
make Weld-testing both simple and aVordable, providing
rapid lactate determination of a whole blood sample. The
main limitation would depend on if portable analyzers can
be used instead of laboratory analyzers for research and
Weld-based assessment during clinical or performance test-
ing of subjects and athletes. In this sense, it is imperative
that portable analyzers demonstrate high levels of accuracy
reliability and linearity. The most commercially available
(and cited in literature) hand-portable lactate analyzers are
the Accutrend® (Roche Diagnostics, Basel, Switzerland,
formerly released as Accusport® by Boehringer Mannheim,
Mannheim, Germany) and the Lactate Pro™ (KDK Corpo-
ration, Kyoto, Japan, Arkray factory inc., KDK corpora-
tion, Shiga, Japan). Both instruments are battery-driven
pocket-size instrument that might be suitable for outdoor
testing. We have used, as our reference method, a standard
enzymatic photoXuorometric method, the EBIO® plus
(Eppendorf, Hamburg, Germany).
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There are several studies concerning the evaluation of
these portable analyzers, but most of them deal with just
one of these instruments (Bishop 2001; Fell et al. 1998;
Pinnington and Dawson 2001) or with more than one porta-
ble analyzer compared to a Wxed reference method, but not
considering at the same time accuracy, reliability and line-
arity (Mc Naughton et al. 2001; Medbø et al. 2000; Pyne
et al. 2000; Van Someren et al. 2005). All measurements
are subject to some random error even if minimized as
much as possible. Systematic errors may also exist. One of
the goals of the present study has been to compare the
imprecision of diVerent instruments and also to look for
possible systematic errors assessing the accuracy. We have
in addition veriWed the reliability of each model of portable
analyzer by intra-assay, inter-analyzers and between test
strips blood sample measurements. Finally, we examined
the linearity measuring diVerent known dilutions of a stan-
dard lactate concentration. Therefore the aim of this study
was to evaluate the diVerences between the two most com-
mon portable lactate analyzers, comparing their accuracy,
reliability and linearity versus a reference standard method.

Methods

Subjects

Twenty-nine healthy young trained men and women have
served as subjects in this study. Most of the subjects were
athletes of diVerent levels, both regional soccer players and
national elite triathletes or physically active university stu-
dents. All subjects were told that they were serving as vol-
unteers in our experiments. The subjects were also told that
they were free to leave the experiments at any stage without
giving any reason. Written informed consent was obtained
from all volunteers in accordance with the Institutional
Review Board protocol approved in accordance with the
principles of the Declaration of Helsinki.

Sample collection

Blood samples were drawn in laboratory conditions (20 m
altitude a.s.l., 20–23°C temperature, 40–50% relative
humidity) from athlete’s Wngertip or via venepuncture
while they were performing diVerent protocols on a Tech-
nogym® Runrace HC 1200 (Gambettola, Italy) motor-
driven treadmill or on a Lode© Excalibur Sport with PFM
(Groningen, The Netherlands) cycle ergometer. On cycle
ergometer subjects performed: 30 s Wingate anaerobic
power test and an incremental test starting with 1 min warm
up without any added load, then workload increased 30 W
every 3 min till exhaustion; on treadmill subjects performed
an incremental exercise test consisting of a 3 min walking

warm up at 6 km/h with 0% slope, followed by velocity
increment of 2 km/h every 3 min up to the work rate subse-
quent to IAT (Baldari and Guidetti 2000). Blood samples
were taken at the third minute of each step during incre-
mental exercise and immediately at the end of exercise.
Experimenters carefully cleaned subjects’ whole hands
before sampling collection process; moreover, before every
subsequent collection, the single Wnger was cleaned, disin-
fected and dried in order to avoid any possible interference
due to both sweat and dirt. Then, subjects’ skin was punc-
tured with a lancet and the Wrst drop of blood was placed
straight on the strip. All samples for the portable analyzers
were analyzed within few seconds of the collection. Instead
for the EBIO plus (reference system) the sample was
aspired through a disposable capillary and, diVerently from
the portable analyzers, it was eventually stored in a refriger-
ator (at t 6°C) for a period varying between 2 and 24 h.
Then, after having left samples at room temperature for
30 min, they were placed onto the analyzer and processed.

Lactate analyzers

In general, for all instruments all measurements were car-
ried out in agreement with the instructions for each instru-
ment. Experienced test leaders who had a great experience
in blood lactate concentration analysis did all the measure-
ments. Hand-portable analyzers, such as for the glycaemia
or cholesterol control analyzers (Accu-Check, Accutrend
GC, Accutrend Plus), do not have an instrument calibration
procedure requiring standard solutions before starting mea-
surements. Hand-portable lactate analyzers are instruments
that must be used by people who have not necessarily a spe-
ciWc competence on clinical measurements, such as coaches
and athletes in the sport science Weld, or even patients who
need to monitor their haematic parameters and their general
health status. Hand-portable analyzers are characterized by
a speciWc response function which relates the instrument
output signal to the analyte concentration. They automati-
cally selects the appropriate calibration curve from a cali-
bration strip; it is required to insert the code strip which has
the same lot number of the corresponding testing strips, this
procedure “calibrate” the analyzer for the strips of the
corresponding lot number. Hand-portable analyzers are
provided with their own expiring code strips and test
strips, therefore it is important to pay attention to their
correspondence and the expiring date to be Wne with all the
measurements.

Accutrend (AL)

The portable AL analyzer is a portable (115 £ 62 £
18.5 mm), battery-driven (3 £ 1.5 V batteries, type AAA)
analyzer that weighs approximately 100 g. AL measures
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whole blood lactate values sampled from capillary blood, as
suggested by the manufacturer, and it does not need any
other settings to be performed. The measuring range is
0.8–22 mM. The sample is Wrst applied to a coded yellow test
strip with a reagent chemical substance. Then the strip must
be inserted in the analyzer where the lactate concentration
is determined by reXectance photometry via a colorimetric
lactate-oxidase mediator reaction. Result is displayed in
about 60 s. When whole blood is added to the strip, some
penetrates the surface and thus only the plasma portion
reaches chemicals that start the reactions processing the
lactate. Then, built-in equations, according to the manufac-
turer, shall calculate the concentration in whole blood from
the measured value in plasma.

We required that there should be liquid blood on the top
of the strip’s pad after each analysis. Otherwise the result
was rejected. We have thus used 25–50 �l of blood for each
analysis, as recommended by the manufacturer. Blood was
added to the strip by letting it drip from a Wnger; in accor-
dance with the instrument’s instructions we never let the
Wnger touch the strip’s pad in order to exclude any possible
interference due to the sweat. We have used for our mea-
surements strips from Roche Diagnostics.

Lactate Pro (LP)

The LP is a portable (55 £ 83.8 £ 14.5 mm), battery-
driven (2 £ 3 V lithium batteries, DL or CR2032) analyzer
that weighs 50 g. The measuring range is 0.8–23 mM. A
5 �l sample of whole blood is automatically aspirated into a
single use, enzyme-coated electrode test strip; the reagent
strip Wlls by capillary action directly from the Wnger tip or
earlobe site: lactate in the sample reacts with potassium
ferrocyanide and pyruvate. Upon the application of a given
voltage, ferrocyanide is oxidized, releasing electrons and
creating a current. This current is determined via ampero-
metric measurement and the result displayed after 60 s. The
LP is supplied with a check strip (to be sure that it is work-
ing correctly) and a calibration strip.

EBIO plus

We used as reference method the EBIO plus (EP) analyzer,
which is not a hand-portable system but a laboratory
method (dimensions 440 £ 440 £ 600 mm; weight 29 kg;
power consumption approximately 80 W by cable power;
measuring range 0.5–30 mM) and diVerently from the pre-
vious two it uses an automatic calibration procedure (a zero
point, three standard measurements, and four quality con-
trol sera) before starting measurement and then every
30 min. Also, the EBIO plus uses the capillary blood
method based on the enzyme electrode according to the
enzymatic amperometric principle of measurement: sample

is aspired through a disposable capillary and then placed
into the 2 ml Safe-Lock Microcentrifuge Tube Wlled with
1 ml system solution. A sample of 20 �l is analyzed over a
range between 0.5 and 30.0 mM and the measuring time is
about 22 s.

Accuracy

The accuracy was measured on 240 blood samples within a
large physiological range which went from 0.8 to 19.9 mM.
For each sample, three fractions were drawn and assayed on
the hand-portable analyzers (AL and LP) and the EBIO
plus analyzer (EP) which was used as reference method.

The value measured by the three analyzers was exam-
ined with a repeated measure ANOVA followed by a post
hoc analysis (ScheVe’s). Then, intra-class coeYcient cor-
relation (ICC) among the three analyzers was calculated.
The results of each of two portable analyzers were com-
pared to the EP reference analyzer using the regression
analysis. Moreover, we have also carried out the compari-
son of each portable analyzer with the EP through Pearson
product–moment correlation analysis. We have also deter-
mined the limits of agreement between the analyzers with
a largely used technique, which measures agreement
between two methods of clinical measurement (Bland and
Altman 1986).

Reliability

Reliability was assessed measuring three samples nomi-
nally called low, medium, and high. The venous blood sam-
ples were taken from the same subject during a cycle
ergometer incremental test. We assessed for each portable
analyzer, the coeYcient of variation (CV) for intra-assay
(7 repetitive determinations from the same analyzer with
same test-strip function number), inter-analyzers (7 repetitive
determinations from three diVerent analyzer with the same
test strip function number), and also between test strips
(3 repetitive determinations from the same analyzer with
four diVerent test-strip function numbers) (Table 1).
Reliability was also calculated through intra-class correlation
coeYcient (ICC). Low concentration mean value was 2.5
and 1.8 mM for AL and for LP respectively; medium was 6
and 6.7 mM for AL and LP, respectively, while the high
was 14 and 13.7 mM for AL and LP, respectively.

Linearity

We also carried out the evaluation of the linearity of the
two portable analyzers versus the EP as reference. Linearity
was veriWed up to 14 mM measuring 13 diVerent known
solutions of a standard lactate concentration using the EP
reference analyzer. Then, for each portable analyzer (AL
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and LP), we calculated the linear regression with equation
and coeYcient of determination (R2), as indicator of the
strength of the linear association between reference lactate
concentrations [La] and the portable analyzer measurement
(Fig. 3). The standard error of the estimate (SEE) was also
calculated to assess the accuracy of predictions made with
the regression line.

Results

Accuracy

Repeated measurement ANOVA showed a signiWcant main
eVect on blood lactate values due to the equipment type of
lactate analyzer (F2,239 10.387, P < 0.01). Post hoc analysis
revealed that the three instruments were signiWcantly diVer-
ent one versus each other, namely between AL and EP
(P < 0.01), AL and EP (P < 0.05) and, LP and EP
(P < 0.05). Instead the ICC among the three analyzers was
0.988. We also examined the two portable analyzers with a
linear regression one versus the EP (Fig. 1). The linear rela-
tion between LP and EP was signiWcant (R2 = 0.973,
SEE = 0.69 mM). However, a polynomial regression of
third order (R2 = 0.984, SEE = 0.52 mM) Wtted slightly bet-
ter. Instead for AL versus EP we found a linear best Wtting
(R2 = 0.991, SEE = 0.39 mM).

The overall level of agreement between AL and EP
showed that in 95% of lactate concentrations, obtained
with AL, ranged from less than 0.7 to greater than 1.0 mM
of the values obtained with the EP (Fig. 2 panel a),
whereas lactate concentrations obtained with LP ranged
from less than 1.3 to greater than 1.5 mM of EP values
(Fig. 2 panel b).

Reliability

The CV for AL ranged between 3.0 and 3.3% for the low
concentration value, between 2.8 and 3.2% for medium
concentration value, and between 1.8 and 3.0% for the high
concentration value. For LP, instead, CV varied between
2.9 and 3.9% at low values, between 3.0 and 3.9% for the
medium value and between 2.8 and 5.0% at the highest
value (Table 1).

For each portable analyzer (AL and LP), a high test–
retest intra-assay (ICC r = 0.999), inter-analyzers (ICC
r = 0.999) and between test-strips (ICC r = 0.999) reliability
was found.

Table 1 CoeYcient of variation (CV) of Accutrend (AL) and Lactate Pro (LP) analyzers

La level Intra-assay Inter-analyzer Between strips

AL (mM) LP (mM) AL (%) LP (%) AL (%) LP (%) AL (%) LP (%)

Low 2.5 1.9 3.0 2.9 3.1 3.8 3.3 3.9

Medium 6 6.7 2.8 3.0 2.9 3.1 3.2 3.9

High 14 13.7 1.8 2.8 2.2 3.4 3.0 5.0

Fig. 1 Relationships (continuous lines), R2, and SEE between blood
lactate concentrations expressed in mM ([La]) measured using the
EBIO plus and Accutrend or Lactate Pro analyzers. Dashed lines are
the hypothetical lines of identity
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Linearity

Linear regression curves for the reference instrument (EP)
(y = 0.938x + 0.358; R2 = 0.997; SEE = 0.18) showed the
lowest error of estimates. The linear regression curves
(Fig. 3) for AL (y = 1.0394x – 0.0485, R2 = 0.990; SEE =
0.33 mM) and LP (y = 1.1053x ¡ 0.3933; R2 = 0.975;
SEE = 0.55 mM) versus EP, showed that AL had the highest
coeYcient of determination and that the slope coeYcient
closest to 1.

Discussion

The primary objective of our study was to evaluate AL and
LP versus EP, used as reference method. These instruments
were compared in accuracy, reliability and linearity across
a wide range of measurement.

The results obtained in this evaluation support the use of
both the AL and LP as accurate and reliable instruments
that can be used easily and quite safely in the Weld.

Anyway, in some previous works, there was a lack of
direct comparison between the two most common hand-

portable analyzers, AL (Bishop 2001) and LP (Pyne et al.
2000). Other works, instead, have compared AL and LP to
other Wxed analyzers without taking into consideration the
three validation parameters we have assessed (i.e. accuracy,
reliability and linearity) at the same time (Mc Naughton
et al. 2002; Nordström et al. 1998).

Accuracy

In our study, both AL and LP showed a good accuracy as
demonstrated by level of agreement and the coeYcient of
correlation R which shows a strong association with the ref-
erence method, EP. However, repeated measures ANOVA
revealed statistical diVerences among analyzers. In agree-
ment with what was reported by Medbø et al. (2000), the
absolute value of lactate concentration measured with AL
could be little diVerent from the values obtained with a
diVerent analyzer.

Both AL and LP seem to have a good accuracy up to
10 mM (Fig. 1), but at the highest values of the curve LP
levelled oV similar to that reported by Medbø et al. (2000);
however, due to the few measurements at the highest val-
ues, this trend should be conWrmed by a greater number of
measurements. For these reasons, AL appears to be more
suitable in those power athletes where high lactate concen-
trations are reached mainly due to the contribution of the
lactic anaerobic metabolism, i.e. rowers, sprinters (e.g.
400 m). Instead, under the value of 2 mM, AL tends to
overestimate (Fig. 2) and sometimes the very low values
are not measured (between 0.8 and 1 mM from EP); in fact
LP is largely used in obstetrical Weld where researchers
usually deal with low and very low concentrations
(Nordstrom et al. 1998, 2001; Westgren et al. 1999).

Results of our ANOVA analysis indicate that the two
portable analyzers cannot be used interchangeably, and in a
single study researchers must choose and keep the same
instrument throughout all the measurements as it has been
already suggested by Buckley et al. (2003) and Medbø
et al. (2000). In addition, the statistically signiWcant diVer-
ence between values measured by diVerent analyzer should
be kept in mind when applying a protocol dealing with a
Wxed absolute value, such as 2 and 4 mM lactate thresholds
(Heck et al. 1985), 0.5 mM increments’ method for lactate
threshold (Baldari and Guidetti 2000), especially if the pro-
tocol was validated using one particular instrument. It
should be recommended to use the same instrument pro-
posed for that protocol, in order to avoid inconsistency
between measured values and data reported by literature.
On the other hand, Buckley et al. (2003) reported also that
the lack of absolute agreement had little eVect on blood
lactate transition thresholds (BLTT) in relative terms.
However, when BLTT were expressed as absolute lactate
concentration the diVerent analyzers gave results signiWcantly

Fig. 2 Bland-Altman plots showing limits of agreement between
blood lactate concentrations expressed in mM ([La]) measured using
the EBIO plus, Accutrend and Lactate Pro analyzers. Dashed lines are
the limits of agreement for low, medium, high [La]. a Relationship of
mean [La] determined by Accutrend and EBIO plus with the diVerence
in La between analyzers (� [La] (AL-EP)). b Relationship of mean
[La] determined by Lactate Pro and EBIO plus with the diVerence in
La between analyzers (� [La] (LP-EP))
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diVerent. Moreover, this absolute diVerence could be partly
linked to whether or not diVerent analyzers lysed the red
blood cells during the measuring process; in fact [La] is
higher in lysed red blood cells and becomes even greater as
the concentration increases. Previous studies suggested that
LP lyses blood samples during analysis (Medbø et al.
2000), while AL seems not to do the same, as it measures
the lactate concentration in the plasma portion of whole
blood sample.

Reliability

Both AL and LP analyzers were found to have high reliabil-
ity as indicated by the low CV and high ICC over the range
2–14 mM (at low, medium and high concentration). The
CVs ranging between 1.8 and 5.0% (intra-assays and
between-strips, respectively) demonstrate the reliability of
both AL and LP at diVerent concentrations and also with
diVerent test strips. These values are consistent for the anal-
yses of this type (Fell et al. 1998). Each hand-portable ana-
lyzer (AL and LP) revealed a high reproducibility (ICC
r = 0.999) for intra-assay as previously reported for AL
(Bishop 2001; Pinnington and Dawson 2001); also for
inter-analyzers as previously reported for LP (Pyne et al.
2000), and also between-strips measurements. Reliability
refers to the reproducibility of values of an assay in
repeated trials. Better reliability implies better reproducibil-
ity of single measurements and better tracking of changes
in measurements in research or practical settings. So it
appears to be essential in the collection process for the sport
research, which is often based on several repeated samples
to detect any possible changes.

Linearity

The linearity of each analyzer between 2 and 14 mM was
supported by the regression line equation as the coeYcient
of determination and the slope coeYcient were nearest to 1,
even though AL showed values closest to 1. A slope coeY-
cient close to 1 indicates that the proportion between mea-
sured and standard values is kept constant from low until
high concentrations. The closer a measurement system
coeYcient is to 1, the less error variance it reXects and the
more the evaluated system can be considered reliable. In
addition, we calculated SEE which revealed a less absolute
standard error of estimate for AL (0.33 mM) than LP
(0.55 mM), and the lowest value for our reference method

Fig. 3 Linear regression with equation, R2, and SEE for: standard
(open circle) lactate concentrations [La] versus the EBIO plus (Wlled
triangle); Accutrend (open square), and Lactate Pro analyzer (open
diamond) versus EBIO plus measured values up to 14 mM. Dashed
lines are the hypothetical lines of identity

�
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(0.18 mM); these values were around that previously
reported (0.39 mM) by Carvalho et al. (2005) for the YSI
1500 analyzer. As today trainers and sport scientist prefer
to work and to talk about kinetic of lactate more than
instantaneous lactate value (Baldari and Guidetti 2000;
Baldari et al. 2004; Beneke et al. 2005; Bentley et al. 2001;
Oosthuyse and Carter 1999; Pyne et al. 2001; Stegmann
et al. 1981), measures repeated over the time with the same
instruments must be consistent; thus linearity plays a funda-
mental role when an instrument is evaluated.

A potential limitation of the present study is the mea-
surement range we assessed; we veriWed linearity and reli-
ability up to 14 mM and accuracy up to 19.9 mM, even if
the portable instrumentations (AL and LP) are able to mea-
sure up to 22–23 mM. It is worth noting that, during perfor-
mance testing of athletes, lactate concentrations higher than
14 mM are rarely achieved and mainly in case of all-out
test (e.g. Wingate anaerobic power test); the most observed
and detected lactate concentrations in various sports are
deWnitely lower (Goodwin et al. 2007).

Conclusion

In conclusion, in our study both the portable analyzers
showed a good accuracy, even though the absolute mea-
sured lactate values showed some diVerences versus the
reference analyzer. Therefore, for research purpose, a refer-
ence equation up to the value of interest would be necessary
to generate corrected values in order to normalize data from
diVerent analyzers. Both AL and LP showed a high reliabil-
ity. A good linearity between 2 and 14 mM was found for
all analyzers. However, AL showed a better linearity than
LP. On these bases AL and LP, considering their good
accuracy and their high reliability and linearity, can be indi-
vidually considered suitable for the research Weld across a
wide range of sports.
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