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Abstract  
The reliability and accuracy of five portable blood lactate (BLa) 
analysers (Lactate Pro, Lactate Pro2, Lactate Scout+, Xpress™, 
and Edge) and one handheld point-of-care analyser (i-STAT) 
were compared to a criterion (Radiometer ABL90). Two devices 
of each brand of analyser were assessed using 22 x 6 mL blood 
samples taken from five subjects at rest and during exercise who 
generated lactate ranging ~1-23 mM. Each sample was meas-
ured simultaneously ~6 times on each device. Reliability was 
assessed as the within-sample standard deviation (wsSD) of the 
six replicates; accuracy as the bias compared with the ABL90; 
and overall error (the root mean squared error (√MSE)) was 
calculated as the square root of (wsSD2 and bias2). The √MSE 
indicated that both the Edge and Xpress had low total error (~0-
2 mM) for lactate concentrations <15 mM, whereas the Edge 
and Lactate Pro2 were the better of the portable analysers for 
concentrations >15 mM. In all cases, bias (negative) was the 
major contribution to the √MSE. In conclusion, in a clinical 
setting where BLa is generally <15 mM the Edge and Xpress 
devices are relevant, but for athlete testing where peak BLa is 
important for training prescription the Edge and Lactate Pro2 are 
preferred.  
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Introduction 
 
Monitoring of blood lactate (BLa) concentration during 
exercise is commonplace in sports physiology laboratories 
and in the field. This is due to the ease of capillary blood 
sampling and the predictive and evaluative power of the 
lactate response to incremental exercise (Wasserman et 
al., 1973). Blood lactate concentration during a graded 
exercise step test is used to identify the transition between 
aerobic and anaerobic energy contribution to exercise and 
therefore assess endurance capacity and performance 
potential (Faude et al., 2009). The underlying exponential 
relationship between intensity (workload) and BLa con-
centration (Binder et al., 2008) allows sport scientists to 
quantitatively evaluate training adaptation, exercise work 
rate and to prescribe training intensities (Beneke et al., 
2011, Faude et al., 2009). Furthermore, lactate thresholds 
(LT) are considered superior to measurements of maximal 
oxygen uptake (VO2max) when differentiating endurance 
performance in elite athletes (Bentley et al., 2007).  

When  interpreting  BLa test  results, consideration  

should be given to the reliability and accuracy of the 
equipment used. Several studies have evaluated common-
ly used hand-held analysers such as the Lactate Pro 
(Arkray, Japan) (McNaughton et al., 2002; Pyne et al., 
2000; van Someren et al., 2005) and the Lactate Scout+ 
(SensLab GmbH, Germany). The most recent of these 
was conducted by Tanner et al. (2010) who noted that the 
Lactate Pro and the Lactate Plus (Nova Biomedical, USA) 
displayed good reliability and accuracy compared with a 
criterion laboratory analyser. However, the Lactate Pro 
and associated consumables, currently used in laborato-
ries worldwide, has been superseded with a new model, 
the Lactate Pro2. Other models of portable lactate analys-
ers have entered the market in the last few years and, 
consequently, an evaluation of the suitability of a range of 
next-generation portable BLa analysers is warranted. The 
aim of the current study was twofold; first to assess the 
reliability and accuracy of five portable lactate analysers, 
as well as one handheld point-of-care analyser (i-STAT) 
and, secondly, to quantify the effect of any bias upon 
calculated power/lactate and heart-rate/lactate thresholds, 
since these are common applications of blood lactate data. 
 
Methods 
 
Subjects 
Three male and two female recreationally active staff 
members (age = 25 ± 1.8 years, height = 1.74 ± 0.13 m 
and body mass = 73.2 ± 16.9 kg) from the Australian 
Institute of Sport Physiology Discipline were recruited to 
participate in the study. All subjects were healthy and 
engaged regularly in ≥ 120 minutes of physical activity 
per week. They each signed an informed consent form 
prior to commencement of the study, which was approved 
by the Ethics Committee of the Australian Institute of 
Sport. 
 
Lactate analysers 
Five portable BLa analysers (Lactate Pro, Lactate Pro2, 
Lactate Scout+, StatStrip® Xpress™ Meter and The 
Edge) and one point-of-care analyser (i-STAT) were 
evaluated concurrently against a criterion blood analyser 
(Model ABL90, Radiometer, Copenhagen, Denmark). A 
second laboratory analyser (Model ABL715, Radiometer, 
Copenhagen, Denmark) was also used for a small number 
of comparisons to the ABL90, since the ABL715 has been 
used as a criterion in two previous evaluations of portable 
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lactate analysers (Pyne et al., 2000; Tanner et al., 2010). 
All portable/point-of-care analysers operate on a similar 
principle; an enzymatic amperometric detection method 
(Table 1). These devices interpret the electrical signal 
produced as a result of the reaction between lactate in the 
blood and the enzyme lactate oxidase on the inserted 
sensor. The voltage signal corresponds directly to the 
lactate concentration of the sample. The Nova Statstrip® 
Xpress Meter (Xpress) operates using a slightly different 
analysis technology. The Xpress biosensor is housed in 
the pre-calibrated StatStrip® Multi-Well test strip that 
corrects for interfering substances such as haematocrit, 
acetaminophen, uric acid and ascorbic acid. 

The Radiometer ABL90 (Radiometer, Copenha-
gen, Denmark) operates using an amperometric metabo-
lite sensor involving two electrodes and one anode cov-
ered by a multi-layer membrane bound to the sensor 
board. The lactate concentration in a sample is calculated 
by measuring the amount of electrical current flowing 
through the electrode chain, which is proportionate to the 
concentration of lactate being oxidised. The same meas-
urement methodology is employed in the previous-
generation ABL-700 and -800 series analysers. The 
ABL90 is traceable to primary standards at Radiometer 
(Copenhagen, Denmark) and according to its operating 
manual has a bias of 0.02 mM at 0.17 mM and 0.03 at 
12.50 mM. Multiple metabolite sensors are housed in a 
compact cassette form with automated calibration and 
quality control procedures. The ABL90 requires a 65 µL 
blood sample. The measuring time is 35 s and the full 
analysis cycle including rinsing is 65 s. It is for these 
reasons the ABL90 was chosen over previous models that 
require larger sample volume and longer analysis time. 
 

Experimental design 
A nested repeated measures study design was employed 
using ~6 mL venous blood samples taken from each of 
five subjects at rest, as well as during four to six levels of 
treadmill exercise. A total of 22 blood samples were ob-
tained; four samples from each of four subjects and six 
samples from one subject. Each blood sample was ali-
quotted into 11 capillary tubes that were analysed repeat-
edly (~4-6 replicates) on one of the eight different lactate 
analysers. Finally, two devices of each of the six porta-
ble/point-of-care analysers were assessed concurrently. 

Subjects were prepared with a 21 g cannula (Jelco, 
Smiths Medical, Southington, USA) inserted into a fore-
arm vein to enable blood to be drawn at selected times 
using a 6 mL sodium heparin Vacutainer (Greiner Bio-

One – Kremsmünster, Austria). To obtain lactate values 
across the physiological range, blood samples were drawn 
at rest as well as after subjects had completed multiple 5-
minute treadmill workloads designed to elicit lactate con-
centrations that could be classified as low (0.5 – 4 mM), 
moderate (>4-<8 mM) and high (>8 mM). As such, 
treadmill workloads were individualised to each subject; 
after five minutes at each nominated workload a finger-
prick lactate sample was taken to assess if the target lac-
tate concentration (via Lactate Pro) had been achieved, if 
not, exercise recommenced at the same speed with 1% 
increases in gradient each minute thereafter until the tar-
get range was reached. After each 6 mL blood sample was 
drawn, the Vacutainer was mixed thoroughly by hand and 
aliquotted promptly into eleven 100 µL balanced heparin 
capillary tubes to ensure all samples were of a consistent 
lactate concentration. The eleven capillary tubes were 
filled simultaneously in groups of two or three and all 
eleven tubes were filled in ~ 80 s. The capillary tubes of 
each blood sample were distributed to the researchers in 
random order to minimise any order and time effects. 
Blood collection and processing were conducted in the 
laboratory at 22-24 oC and at 26-41% relative humidity. 

Seven researchers were used to run blood samples 
through the different brands of analysers concurrently, to 
minimise the change in lactate over time in vitro (Jones et 
al., 2007; Seymour et al., 2011). Aside from the Radiome-
ter ABL90, each researcher tested two devices of the 
same brand so that between-device within-brand reliabil-
ity could be investigated. For the portable analysers, five 
100 µL capillary tubes (one per brand) were used to run 
six replicates through each portable analyser device in 
random order. All replicates were time matched to the 
sample run through the Radiometer ABL90. The re-
searcher testing the i-STAT devices used the remaining 
volume in the 6 mL Vacutainer to pipette blood into the i-
STAT cartridges for analysis, also time-matched to the 
Radiometer ABL90 replicates. However, due to the long-
er analysis time of the i-STAT only three replicates were 
run. All analysers were calibrated prior to testing accord-
ing to the manufacturer’s instructions. The researcher 
operating the Radiometer ABL90 acted as a timekeeper 
ensuring synchronicity of the analyses. In addition, three-
to-four replicates of six blood samples were run on one 
Radiometer ABL715 analyser at the same time as on the 
designated criterion Radiometer ABL90, to enable a trun-
cated comparison between two different laboratory ana-
lysers from the same manufacturer. 

 
Table 1. Specifications for five portable and one (i-STAT) point-of-care blood lactate analysers. 
 Radiometer 

ABL90 
Lactate 

Pro 
Lactate  

Pro2 
Lactate  
Scout+ 

Nova Statstrip 
Xpress Edge i-STAT 

Manufacturer Radiometer, 
Denmark 

Arkray KDK, 
Japan 

Arkray KDK, 
Japan 

EKF Diagnos-
tics, Germany 

Nova Biomedical  
USA 

Transatlantic 
Science, USA 

Abbott Labora-
tories, USA 

Method Amperometric 
metabolite 

sensor 

Amperometric 
reagent 

Amperometric 
reagent 

Enzymatic 
amperometric 

Electrochemical 
biosensor 

StatStrip® Multi-
well design 

Electrochemical 
biosensor 

Amperometric 
CG4+ cartridge 

Sample VOL, µL        65 5 0.3 0.5 0.7 3 95 
Analysis time, s           65 60 15 10 13 45 280 
MEAS range, mM 0.1-31.0 0.8-23.3 0.5-25.0 0.5-25.0 0.3-20.0 0.7-22.2 0.30-20.0 
VOL = volume; MEAS = measurement 
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Statistical analysis 
Although the treadmill workloads were designed to elicit 
lactate concentrations that could be classified as low, 
moderate  and high, analysis was conducted with the 
concentrations in five bands as follows 0-1.9, 2.0-4.9, 5.0-
9.9, 10.0-14.9 and >15.0 mM. Given that the within-
sample variability of the data increased as the mean in-
creased, consideration was given to transforming the data 
using logs.  

Blood lactate stability over time: Linear regression 
of lactate values on time (between drawing the blood 
sample and its analysis) was used to estimate the slopes of 
the change in measured lactate after the sample was col-
lected. Slopes were estimated separately for each of the 
samples using each of the 14 analysers (seven brands with 
two devices per brand). Most analysers used 22 samples, 
though the two Scout+ devices used 21 samples, the two 
i-STAT devices used eight samples, and the Radiometer 
715 only six samples. 

Reliability and bias: For each blood sample, and 
separately for each device for each brand of analyser, 
reliability was calculated as the within-sample standard 
deviation (SD) and bias as the difference between the 
mean for the particular analyser and the mean of the crite-
rion analyser (Radiometer ABL90). The data used in 
these analyses were all matched by time; that is, seconds 
after the taking of the blood sample. 

Overall error (√Mean Squared Error) and correc-
tion for Bias: The square root of the (estimated) mean 
squared error (√MSE) of the 22 blood samples was used 
to generate an overall measure of error for each brand. 
The MSE provides a way of combining the within-sample 
SD and the sample bias into a single measure, which is 
calculated as follows: 
 

MSE = (within-sample SD)2 + bias2 
 
Taking the square-root of the MSE provides a 

measure that has the same units as the within-sample SD 
and the bias; for the untransformed data the units are (all) 
mM. 

All of the larger values of MSE were found to be 
associated with larger values of the bias, rather than larger 
values of the within-sample SD, so it might be possible to 
improve matters by reducing the bias. A simple way to do 
this is to fit a linear regression of Radiometer ABL90 
values on the values obtained with one of the other ana-
lysers, and then to use this relationship to predict the 
Radiometer ABL90 reading using the reading on the other 
analyser. This concept of correcting for bias was assessed 
using the Edge analysers as an example. Linear regres-
sions of Radiometer ABL90 data on Edge were fitted 
separately for the two Edge analysers (device A and B). 
These equations were then applied to both the EdgeA and 
EdgeB data, and revised biases calculated for each sam-
ple. The idea behind using the formulae obtained using 
the EdgeB data on the EdgeA data is that it is likely to be 
a better indication of how the formulae might work on 
future data. 

Between-device within-brand variation and analyt-
ical error: For each band of lactate values and each brand 

of analyser, and with Device and Sample treated as ran-
dom effects, the lme4 package (Bates et al., 2014) availa-
ble as part of R (R Foundation for Statistical Computing, 
2014) was used to estimate the between-devices within-
brands and the analytical (or residual) error standard devi-
ations. The analytical error consists mainly of measure-
ment error but also includes variation due to differences 
between measurements made at different times as ‘time’ 
was not allowed for in the models fitted here. With only 
two devices per brand of analyser, estimates of the be-
tween-devices SDs have poor precision and to assist with 
interpretation of results, tests of differences between the 
pairs of devices, for each band and each brand, were also 
carried out with Device treated as a fixed effect. In order 
to obtain estimates of the analytical error standard devia-
tions that could be directly compared to those reported in 
other studies (for instance, McNaughton et al., 2002), the 
random effects model was also, somewhat inappropriate-
ly, fitted separately for each brand of analyser using all of 
the samples for the brand. One of the assumptions of the 
model fitted is that the error standard deviation is constant 
over the range of data used, and while this assumption is 
reasonable within each of the five lactate concentration 
bands, for each brand, it is not reasonable over the com-
bined bands. In addition it should be noted that any esti-
mates obtained using combined data will depend on the 
distribution of lactate values that happen to be used so 
that any differences reported by different studies could be 
due, solely, to different distributions of lactate values. 

Practical implications: From the AIS laboratory 
records, a representative de-identified data set of BLa 
concentration versus power was selected randomly for 
each of cycling and rowing incremental step-tests (Bour-
don, 2013), and it was assumed that these values were 
generated using the criterion BLa concentration from the 
Radiometer ABL90. In order to quantify the practical 
impact different analysers would have on the comparison 
of longitudinal training prescription, the respective mean 
bias within each concentration band, for each portable 
analyser, were entered into ADAPT software (Australian 
Institute of Sport, 1995). This software fits a third order 
polynomial to lactate versus exercise intensity data to 
derive the power at both the first and second lactate 
thresholds (LT), referred to as LT1 (the lowest intensity at 
which there is a sustained increase in BLa concentration 
above resting values) and LT2 (the intensity that causes a 
rapid increase in BLa when production exceeds clear-
ance), respectively (Bourdon, 2013). Specifically, the 
calculated LT‘mod’ option within ADAPT was used to 
calculate LT2 using a ‘modified’ Dmax method of Cheng 
et al. (1992). 
 
Results 
 
This study design generated 1384 measurements of blood 
lactate (Table 2).  
 
Transformations 
An inspection of the data clearly showed that the within-
sample variability increased as the sample mean in-
creased. This  is  typical  for such data and often results in  
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Table 2. Sample sizes (number of replicates) for each brand of analyser used to estimate variance components. 
Analyser              Lactate concentration band (mM) 
Brand 0-1.9 2.0-4.9 5.0-9.9 10.0-14.9 15+ Total 
Edge 40 36 66 36 71 249 
i-STAT 5 7 16 6 4 38 
Lactate Pro 40 36 63 36 70 245 
Lactate Pro2 40 36 63 36 70 245 
Radiometer ABL90 23 21 38 21 41 144 
Radiometer 715  14 12  14 40 
Scout+ 30 12 47 36 62 187 
Xpress 40 36 63 33 70 242 

Total 195 177 330 183 361 1384 
 
the use of a transformation to produce, approximate, con-
stant variability. The transformation most commonly used 
is the log transformation, which will result in constant 
variance in situations where the coefficient of variation 
(CV) is constant. Here, while the log transformation did 
result in reasonably constant variation for samples with 
larger lactate values, the variability of the transformed 
data for samples with small values (lactate < 2 mM) was 
considerably greater than that for the other concentration 
bands. This was possibly due, in part, to the fact that 
lactate readings are only recorded to one decimal place, 
and whereas a difference of 0.1 represents only a 1% 
change for values around 10, it represents a 10% change 
for values around 1.  

Qualitatively the results obtained with and without 
transforming the data were very similar and, for ease of 
interpretation, only the results obtained using the untrans-
formed data are reported here. 
 
Blood lactate stability over time 
A change in lactate concentration over time for serial 
measures on the same blood sample was not consistently 
observed; the slope was estimated separately for each 
device for each blood sample, with samples measured an 
average of 5.5 times (range 2 to 7, median 6). Of the 262 
individual slopes that were estimated, 25 were statistically 
significant (p < 0.05), of which seven were positive and 
18 were negative (Table 3). Of the seven significant posi-

tive slopes, five were associated with mean blood lactate 
(from Radiometer ABL90) <5 mM, whereas of the 18 
significant negative slopes, 13 were associated with mean 
lactate >10 mM. Overall, the mean pooled data for all 
brands of analyser show a trend to larger negative slopes 
at higher concentrations (Table 4, bottom row), with the 
largest negative slopes of -0.050 and -0.035 mM∙min-1 at 
10-14.9 and >15 mM, respectively. 
 
Reliability and bias 
For each of the (up to) 22 samples, plots of the within-
sample standard deviation versus the estimated bias (from 
the criterion Radiometer ABL90 readings), are given in 
Figure 1 with separate panels for the two devices (arbi-
trarily labelled A and B) of each brand of analyser and 
sub-panels for the different brands. By definition, all of 
the biases for the Radiometer ABL90 instrument are zero. 
Comparing the two panels for each brand of analyser it is 
evident that results from the two devices were very simi-
lar, both in terms of within-sample variability and bias. 

All portable analysers except the i-STAT analyser 
showed mostly negative biases with the greatest bias seen 
when the BLa concentration was >15 mM (Figure 1). 
 
√Mean Squared Error and correction for Bias 
The √MSE indicated that both the Edge and Xpress had 
low ‘total’ error (~0-2 mM) for lactate concentrations <15 
mM (Figure 2). The Lactate Pro2 was the best of the

 
Table 3. Number and direction (positive or negative) of slopes for blood lactate concentration over time for each portable and 
laboratory analyser. For example, between 2.0 and 4.9 mM Edge B analysed three slopes; one of which was positive and two 
of which were negative as well as significant. 

Analyser 
Brand 

Lactate concentration band (mM) 
0-1.9 2.0-4.9 5.0-9.9 10.0-14.9 15+ All bands 

Number Slopes (number +’ve/ number –‘ve) 
Edge A 4(2/2) 3(1/2) 6(1/5) 3(0/3*) 6(1/5*) 22 
Edge B 4(2/2) 3(1/2**) 6(0/6) 3(0/3**) 6(0/6*) 22 
i-STAT A 1(1/0) 2(2/0) 3(3/0) 1(1/0) 1(1/0) 8 
i-STAT B 1(1*/0) 2(2/0) 3(3/0) 1(0/1) 1(1/0) 8 
Lactate Pro A 4(4/0) 3(1/2) 6(3/3) 3(0/3*) 6(0/6) 22 
Lactate Pro B 4(3/1) 3(1/2) 6(2/4) 3(1/2) 6(4/2) 22 
Lactate Pro2 A 4(2/2) 3(2/1) 6(3/3) 3(1/2) 6(1/5) 22 
Lactate Pro2 B 4(3/1) 3(2/1) 6(4/2) 3(1/2) 6(3/3) 22 
Radiometer ABL90 4(2*/2) 3(3*/0) 6(3/3**) 3(1/2) 6(3/3) 22 
Radiometer 715  2(1/1) 2(1/1)  2(1/1) 6 
Scout+ A 4(1/3*) 2(1/1) 6(0/6) 3(0/3**) 6(2/4**) 21 
Scout+ B 4(0/4) 2(2/0) 6(1/5) 3(1/2*) 6(0/6**) 21 
Xpress A 4(4/0) 3(3/0) 6(3*/3) 3(1/2) 6(2*/4) 22 
Xpress B 4(4*/0) 3(3/0) 6(3/3) 3(1/2) 6(5*/1) 22 

All analysers 46 
(293*/173*) 

37 
(251*/122*) 

74 
(301*/442*) 

35 
(8/277*) 

70 
(242*/466*) 

262 

       * p < 0.05 
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Table 4. Mean slope of lactate concentration over time for each of the portable and laboratory analysers. 

Analyser 
Brand 

Lactate concentration band (mM) 
0-1.9 2.0-4.9 5.0-9.9 10.0-14.9 15+ All bands 

Mean slope (mM/min) 
Edge A -.010 -.009 -.027 -.100 -.077 -.045 
Edge B -.009 -.032 -.033 -.152 -.068 -.054 
i-STAT A .006 .018 .031 .022 .050 .026 
i-STAT B .008 .073 .025 -.002 .059 .036 
Lactate Pro A .008 .000 .033 -.067 -.050 -.012 
Lactate Pro B .002 .000 -.008 -.021 .004 -.004 
Lactate Pro2 A -.003 .006 .002 -.011 -.054 -.015 
Lactate Pro2 B .007 .009 .008 -.038 -.036 -.010 
Radiometer ABL90 .005 .017 -.019 -.026 -.038 -.016 
Radiometer 715  .005 -.005  -.007 -.002 
Scout+ A -.019 -.011 -.048 -.083 -.091 -.056 
Scout+ B -.016 .028 -.024 -.040 -.113 -.045 
Xpress A .017 .018 -.007 -.025 -.006 -.001 
Xpress B .015 .042 -.003 -.024 .110 .034 

All analysers .000 .010 -.008 -.050 -.035 -.017 
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Figure 1. Mean Reliability (within-sample standard deviation (SD)) and Bias of the seven blood lactate analys-
ers relative to the mean values obtained on the criterion analyser (Radiometer ABL90). The left panel show 
data for one device of each brand and the right panel show data for the second device of each brand including 
two laboratory based criterion analysers (Radiometer ABL90 and Radiometer 715). Each data point is the 
mean, or standard deviation, of an average of approximately six observations per sample. 
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Figure 2. Total error calculated as square root of the mean squared error for the 14 blood lactate analysers 
(two devices for each of seven Brands) expressed relative to the mean lactate concentrations obtained on the 
criterion analyser (Radiometer ABL90). 
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Figure 3. Bland-Altman plots of repeated sample measurements of blood lactate for one of the Edge devices (Device B) 
before (left top panel) and after (right top panel) correction using the Edge data to predict the criterion (Radiometer 
ABL90) measurements (see Methods for details). The bottom panel contains box plots of the overall mean data within 
one of five bands of lactate concentration before and after bias correction on Edge analyser (Device B) using its own 
regression-corrected data (RegnB) or the regression correction from the second device (RegnA); boxes indicate the 
(lower and upper) quartiles and whiskers the ranges, while the lines within the boxes indicate medians. 
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Table 5. Estimates of between-device within-brand variation expressed as a) standard deviation and b) coeffi-
cient of variation (%) based on means of Radiometer ABL90. 

Analyser 
Brand 

Lactate concentration band (mM) 
0-1.9 2.0-4.9 5.0-9.9 10.0-14.9 15+ All 

Standard deviation (mM) 
Edge .00 .00 .01 .06 .00 .03 
i-STAT .00 .20 .00 .19* .00 .00 
Lactate Pro .07† .14‡ .30‡ .37‡ .54‡ .32‡ 
Lactate Pro2 .00 .00 .08† .00 .00 .00 
Radiometera  .05 .14  .15 .00 
Scout+ .01 .05 .02 .00 .00 .00 
Xpress .00 .00 .00 .13 .27* .11 

 Coefficient of variation (%) 
Edge .0 .0 .1 .5 .0 .3 
i-STAT .0 5.7 .0 1.5 .0 .0 
Lactate Pro 5.0 4.1 3.8 3.0 2.7 3.6 
Lactate Pro2 .0 .0 1.0 .0 .0 .0 
Radiometera  1.5 1.7  .8 .0 
Scout+ .8 1.3 .3 .0 .0 .0 
Xpress .0 .0 .0 1.1 1.4 1.2 

 * p < 0.05, † p < 0.01, ‡ p < 0.001. a Comparison between Radiometer 715 versus the criterion Radiometer ABL90. 
 
portable analysers for concentrations >15mM, whereas 
the Lactate Pro, Scout+ and Xpress each had large √MSE 
(~4-10 mM) for BLa >15 mM. The i-STAT devices and 
two Radiometers had the lowest error (~0-1 mM) 
throughout the measurement range evaluated. 

The regression equations to correct the Edge for 
bias were:  

 

Radiometer ABL90 = -0.5538 + 1.12469 EdgeA, 
and 

Radiometer ABL90 = -0.5275 + 1.11769 EdgeB 
 

With the possible exception of lactate values in the 
range 10-14.9, use of these regressions reduced the bias of 
the Edge devices throughout the measurement range, and 
especially for the two extreme bands; from a mean of 
~0.5 mM to 0.1 mM at lactate concentrations of 0-1.9 
mM and from a mean of ~–2 mM to –0.5 mM at lactate 
concentrations >15 mM (Figure 3). 
 

Between-device within-brand variation 
There was generally very good agreement between the 
two devices of the same brand regardless of lactate con-
centration with many of between-device standard devia-

tions estimated to be zero (to two decimal places) and few 
in excess of 0.1 mM, which is the precision to which 
lactate values are recorded (Table 5). The largest standard 
deviations were for the pair of Lactate Pro analysers for 
which the estimates ranged from 0.07 to 0.54 mM, in-
creasing as the mean lactate increased. The corresponding 
CVs (based on the means of the Radiometer readings), 
decreased from 5.0% to 2.7%; where the mean for the five 
concentration bands for the Radiometer ABL90 were 
1.28, 3.51, 7.89, 12.20 and 19.71 mM. Only one other CV 
exceeded 2%, namely 5.7% for i-STAT (in the 2-4.9 mM 
band), but this was based on just seven observations. With 
Device treated as a fixed effect, differences between the 
pair of Lactate Pro analysers were statistically significant 
for all five bands of lactate values (Table 5). Only three of 
the other 28 comparisons achieved statistical significance, 
one for each of the i-STAT, Pro2 and Xpress compari-
sons. It should be noted that the total numbers of observa-
tions available for the i-STAT and Radiometer compari-
sons were only 38 and 40, respectively, compared with 
187 for Scout+ and in excess of 240 for the other brands 
(Table 2). 

 
Table 6. Estimates of within-band analytical error for each brand of analyser expressed as a) standard devia-
tion and b) coefficient of variation (%) based on means of Radiometer ABL90. 

Analyser 
Brand 

Lactate concentration band (mM) 
0-1.9 2.0-4.9 5.0-9.9 10.0-14.9 15+ All 

Standard deviation (mM) 
Edge .13 .14 .22 .47 .51 .35 
i-STAT .04 .45 .13 .06 .15 .20 
Lactate Pro .10 .12 .21 .30 .38 .29 
Lactate Pro2 .06 .11 .22 .52 .60 .40 
Radiometera  .09 .18  .47 .31 
Scout+ .09 .09 .15 .35 .44 .31 
Xpress .10 .13 .34 .29 .87 .53 

 Coefficient of variation (%) 
Edge 10.3 4.0 2.8 3.9 2.6 4.0 
i-STAT 3.7 11.7 1.6 0.4 0.8 2.5 
Lactate Pro 7.6 3.5 2.7 2.4 1.9 3.3 
Lactate Pro2 5.1 3.0 2.7 4.3 3.0 4.4 
Radiometera  2.4 1.9  2.4 2.9 
Scout+ 7.1 2.7 1.9 2.9 2.2 3.5 
Xpress 7.5 3.7 4.4 2.4 4.4 5.9 

 a Comparison between Radiometer 715 versus the criterion Radiometer ABL90. 
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Table 7. Bias (calculated as the difference between the criterion ABL90 and each analyzer) for blood lactate concentration, 
and the effect of the bias on power at calculated Lactate Threshold One (LT1) and Two (LT2). Bias calculations used the 
average of Device A and B combined. Threshold calculations employed the ‘modified’ Dmax method in ADAPT software 
(Australian Institute of Sport, 1995) using representative cycling and rowing data from incremental step tests. 

   Analyser 
Lactate concentration band (mM) ABL90 Edge i-STAT Lactate Pro Lactate Pro2 Scout+ Xpress 

   Bias (mM)    
0-1.9 0.0 0.34 -0.12 -0.17 0.32 -0.17 0.06 

2.0-4.9 0.0 0.07 -0.29 -0.70 -0.06 -0.89 -0.13 
5.0-9.9 0.0 -0.32 0.17 -1.76 -1.48 -2.15 -0.09 

10.0-14.9 0.0 -0.29 0.00 -2.41 -1.81 -2.71 -0.70 
15.0+ 0.0 -2.05 0.62 -5.40 -2.16 -6.15 -6.70 

Threshold intensity Cycling 
LT1 Power (W) 189 191 194 191 187 192 190 
LT2 Power (W) 249 249 253 249 249 249 226 

 Rowing 
LT1 Power (W) 206 209 209 211 207 215 209 
LT2 Power (W) 268 277 263 281 281 286 263 
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Figure 4. Comparison of blood lactate (BLa) versus intensity curves for representative cycling and rowing data 
sets computed using ADAPT software (Australian Institute of Sport, 1995). The reference curve (3rd order pol-
ynomial) was established using the BLa values from the Radiometer ABL90 with zero bias. The remaining 
curves were generated using mean bias of the respective analysers for each concentration band (Table 7). 

 
Analytical variation 
The analytical error, which is essentially the measurement 
error for a random sample at a random time after collec-
tion, ranged from ~0.2-0.4 mM for all brands, but was 0.5 
mM for the Xpress (‘All’ column of Table 6). The corre-
sponding CVs were ~2-4%, whereas the Xpress was ~6%. 
Within the lactate concentration bands, the residual error 
was ~0.1 mM for the lowest band for all brands, and in-
creased to ~0.4 mM for the highest band for most brands, 
with the exception of the i-STAT (0.15 mM) and the 
Xpress (0.87 mM).  
 

Practical implications 
Using representative cycling data, small differences of -2 
to +5 W between the criterion (Radiometer ABL90) and 
each analyser were apparent at LT1. But at LT2 most 
analysers showed zero difference in power except the 
Xpress meter, which read 23 W below the criterion and 
the i-STAT which read 4 W above the criterion (Figure 4, 
Table 7). Using representative rowing data, there were 
differences of +1 to +9 W at LT1 and differences of -5 to 
+18W at LT2 compared to values predicted by the criteri-
on. 
 



Bonaventura et al. 

 
 

 

211 

Discussion 
 
The results of the current study indicate that no single 
portable analyser is both highly accurate and reliable 
throughout the range of ~1-23 mM; although most pairs 
of analysers of the same brand were in close agreement 
with each other, which supports the practice of inter-
changing different analysers of the same brand between 
testing sessions. Two portable analysers, specifically the 
Edge and Xpress, have low ‘total error’ (as assessed by 
the √MSE) for BLa values in the range of ~1-15 mM, 
while the Edge and Lactate Pro2 have low √MSE for 
values in the range of ~15-23 mM. The i-STAT point-of-
care hand-held analyser has very low √MSE throughout 
the measurement range of ~1-23 mM, but with relatively 
long analysis time. Ultimately, the ideal portable analyser 
will depend upon the end user requirements since, in a 
clinical setting, the ability to measure very high concen-
trations of BLa may not be as important as for those 
working with elite athletes. 
 
Blood lactate stability over time 
Previous research using resting blood samples has noted 
progressive increase in lactate over time for blood sam-
ples stored in vitro at room temperature (Calatayud and 
Tenias., 2003; Jones et al., 2007; Mikesh and Bruns., 
2008; Seymour et al., 2011), with the magnitude of be-
tween ~0.012 to ~0.022 mM∙min-1. The rate of accumula-
tion is attenuated to ~0.42 mM∙hour-1 (0.0007 mM∙min-1) 
from blood samples obtained after exercise (Astles et al., 
1994). In contrast, we showed a decay of lactate of ~0.05 
mM∙min-1 in the range of ~10-23 mM; and the corre-
sponding change in resting lactate in the range of 0-1.9 
mM was estimated as a mean of 0.00 mM∙min-1 (range 
+0.017 to –0.019 mM∙min-1). No other study we could 
locate conducted repeated measures on each blood sample 
to quantify the time course of BLa measurements, includ-
ing those that measured resting lactate in the first 10 – 15 
min after collection (Calatayud and Tenias., 2003; Jones 
et al., 2007; Mikesh and Bruns., 2008; Seymour et al., 
2011). The only exception was McCaughan et al. (1999), 
who made duplicate measurements, but stored blood in 
tubes containing sodium fluoride, which inhibits glycoly-
sis (Astles et al., 1994). Using six replicates we estab-
lished that the within-sample standard deviation of resting 
blood lactate is ~0.1 mM, which implies that an increase 
(or decrease) of less than this magnitude is within the 
random variation and consequently will likely be obfus-
cated without a large number of observations. Our results 
challenge the veracity of other studies which have report-
ed increases in BLa of ~0.1 mM in 10 minutes after blood 
collection using small sample sizes (Seymour et al., 
2011). However, the evidence from blood storage studies 
conducted over days to weeks illustrate irrefutably the 
progressive increase in lactate (Bennett-Guerrero et al., 
2007; D’Alessandro et al., 2013). 

In the current study, the high concentrations of 
BLa were derived from exercise blood samples, and 
therefore are associated with lower blood pH, where acid-
ity has been shown to attenuate red blood cell metabolic 
activity (Bennett-Guerrero et al., 2007). But this does not 

explain why we saw a clear decrease in BLa for these 
exercise blood samples, which was most apparent above 
10 mM where analytical error is relatively low (Table 6). 
Based upon six replicates per sample we have good con-
fidence in the current results and suggest that more re-
search is needed to carefully quantify how BLa responds 
in heparinised tubes during the first 10-15 minutes after 
collection. Regardless of the increase or decay over time, 
our study was designed so that blood samples from the 
different analysers were time-matched allowing all devic-
es to analyse an equivalent concentration at the same 
time.  
 
Reliability and analytical variation 
The within-sample standard deviations (reliability) of the 
five portable analysers were generally <0.5 mM for con-
centrations in the range of ~1.0-10 mM (Figure 1), with 
greater imprecision (~1 mM) for the highest concentra-
tions; that is BLa >15 mM. Interestingly, the reliability of 
the portable analysers was not noticeably worse than for 
the two Radiometer laboratory analysers (Figure 1), 
where the Radiometer ABL90 has been used as the crite-
rion analyser. The SD of the Radiometer ABL90 means 
that some of the bias discussed subsequently (and hence 
the √MSE) may be partially a consequence of imprecision 
of the reference analyser, which is to be anticipated since 
all measurement systems have some degree of er-
ror/uncertainty.  

The reliability (a combination of both biological 
variation and analytical error) of BLa measures during 
submaximal exercise testing is reported as 52, 21 and 
11% at mean BLa concentrations of ~2.0, 2.7 and 5.2 
mM, respectively (Saunders et al., 2004). Saunders et al. 
(2004) completed these lactate measurements using a 
Radiometer ABL700 series analyser, and the correspond-
ing CVs from our Radiometer in the current experiment 
were 2.2 and 2.1% at mean BLa concentration of 3.5 and 
7.9 mM (Table 6). If we assume that the biological varia-
tion and analytical errors are independent (Gore et al., 
2005), for our CV data we can deduce that the biological 
variation could be in the range of ~20.9-10.8% (i.e. √(212 
– 2.22) or √(112 – 2.12)). Even at the lowest BLa concen-
trations using the highest CV (from the Edge, 10.3%) 
from the current study at a mean lactate of 1.28 mM, the 
biological variation could be ~51% (i.e. 522 – 10.32). 
Thus, we conclude that biological variation of BLa during 
exercise is the dominant source of variation compared 
with the analytical error of the portable blood lactate 
analysers. 

Where comparisons were possible to previously 
published studies or to the manufacturer’s specifications, 
our results for analytical error within a brand (Table 6) 
were generally alike and very much smaller than the bio-
logical variation in BLa as described above. For the Lac-
tate Pro, McNaughton et al. (2002) calculated CVs of 
10.0, 4.1 and 3.1% at low (~1 mM), moderate (~4 mM) 
and high (~12 mM) BLa concentrations; the correspond-
ing CVs in the current study were 7.6, 3.5 and 2.7%, 
respectively. Our overall measurement error of 3.3% for 
the Lactate Pro was also in agreement with the 3% CV 
reported by the manufacturer, Arkray (McNaughton et al., 
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2002). The manufacturers of the Edge and Scout+ report 
measurement errors of ≤5% and 3%, respectively (Artic 
Medical, 2011, SensLab GmbH, 2012), similar to our 
overall results of 4.0 and 3.5% (Table 6). For the i-STAT 
using quality control solutions instead of blood the manu-
facturer (Abbott Point of Care Inc, 2013) reports meas-
urement errors (as SDs) of 0.03 and 0.08 mM at mean 
values 0.8 and 6.4 mM, respectively, which are consistent 
with our values of 0.04 and 0.13 mM at mean BLa con-
centrations of 1.3 and 7.9 mM. Our data for the Radiome-
ter brand is a comparison between two different models, 
but nevertheless use identical technologies to measure 
BLa and each provide an index of the analytical error. 
The Radiometer reference manual for the 700 series ana-
lyser reports analytical SDs of 0.15 and 0.30 mM at con-
centrations of 2 and 10 mM, respectively; the closest 
corresponding SDs in the current study were 0.09 and 
0.18 mM at mean concentrations of 3.5 and 7.9 mM. 
Likewise the Radiometer reference manual for the ABL90 
reports that the analytical imprecision for a measurement 
of BLa on venous blood at a concentration 3.9 and 25 mM 
of 0.10 and 0.21 mM, respectively, whereas our equiva-
lent SDs at 3.5 and 19.7 mM were 0.09 and 0.47 mM. 
 
Accuracy/bias 
There was a tendency for all portable analysers to under-
read the same time-matched sample analysed by the Ra-
diometer ABL90, which was particularly evident at the 
highest concentrations (BLa ~15-23 mM). However, both 
the Edge and the Lactate Pro2 had a small positive bias 
for resting concentrations (BLa ~1.0-2.0 mM). Biases 
could possibly be explained by differences in analysis 
methodology between lab-based and portable analysers, 
and further influenced by the proprietary manufacturer 
algorithms used to convert voltage to BLa for their re-
spective amperometric methods. The small bias of the 
Xpress analyser at concentrations under 15 mM (Figure 1) 
suggests that this analyser would be well suited to a clini-
cal setting, where for instance BLa ranges from 0-10 mM 
when sampling umbilical whole blood to determine foetal 
hypoxia (Kruger et al., 1999).  

The possibility of adjusting for bias via the use of 
a simple linear regression model was examined for the 
Edge data and resulted in appreciable improvements in 
bias at both the lowest (1-2 mM) and highest (15-23 mM) 
BLa concentrations (Figure 3). This approach would 
require the user to have a short algorithm (or look-up 
table) to amend the BLa displayed on the Edge to a pre-
dicted value that would have been obtained using the 
Radiometer ABL90. In these days of ubiquitous technolo-
gy (e.g. Apple - iPhone or Samsung - Galaxy), such an 
algorithm should be straightforward to implement in the 
field. It would be recommended that a laboratory generate 
their own linear prediction equations for their specific 
portable blood lactate analysers; they would require ac-
cess to a criterion analyser (for instance a Radiometer) in 
order to do so. 

The Radiometer ABL90 is a cassette-operated ana-
lyser for use in small labs and, although it employs the 
same analysis methodology as the ABL-700 and -800 
series, it is less frequently used in research studies on 

athletes. A comparison between the two Radiometer ana-
lysers involving only six blood samples (each measured ~ 
3-5 times) was performed as part of the current study and 
the mean bias was zero for the ABL715 versus the 
ABL90. These results suggest that blood lactate data from 
Radiometer ABL90 are comparable to that of Radiometer 
715 and that these models of Radiometer analysers can be 
used interchangeably. This finding of nil bias between 
Radiometer analysers facilitates comparison of the current 
performance of Lactate Pro with previous research, which 
also shows a tendency of the Lactate Pro to under read the 
criterion laboratory Radiometer analyser (Pyne et al., 
2000; Tanner et al., 2010). 

An interesting observation of our data (Figure 3 – 
top two panels) is the clustering of repeated measure-
ments of the same blood sample within an analyser (and 
consistent between the different brands of analysers – data 
not shown), which is particularly obvious at the higher 
concentrations of BLa, >10 mM. We are unable to explain 
this observation but speculate whether there is too much 
lactate for conversion by the lactate oxidase enzyme of 
the test strips. Indeed the largest negative bias is associat-
ed with the very highest blood lactate concentration (in-
verted triangles in Figure 3). However, counter to our 
conjecture, clustering of repeated measurements on the 
same blood sample is also evident at the lower blood 
lactate concentrations. 
 
√Mean squared error 
We have used root Mean Squared Error to combine both 
reliability and bias to assist with decision making about 
the ‘best’ portable analyser (Figure 2), which indicates 
that the answer depends upon the user requirements. It is 
clear that each portable BLa analyser had both strengths 
and weaknesses, and that in most cases bias was the major 
contributor to the MSE (the root MSE can be interpreted 
as the distance of points from the origin in Figure 1, pro-
vided the same scale is used on both axes).  

It is well established that low total error (that is, 
good accuracy and reliability) of analysers is most im-
portant for BLa concentrations between 0 and 8 mM, for 
the derivation of lactate thresholds, identification of met-
abolic efficiency and buffering capacity, and the prescrip-
tion of training intensity (Beneke et al., 2011; Bentley et 
al., 2007; Faude et al., 2009; Wasserman et al., 1973). In 
this context any of the examined analysers would be ap-
propriate because of the relatively high biological varia-
tion compared with analytical variation. However, the 
maximal lactate that an athlete can produce is of much 
interest, consequent to the use of peak BLa achieved in an 
exercise step test for the calculation of Lactate Threshold 
2 (LT2) via the Dmax method (Cheng et al., 1992). This 
requirement indicates that a preferred analyser should also 
be accurate and reliable at higher concentrations, for 
which both the Edge and Lactate Pro2 were the better of 
the portable analysers as reflected by their lower √MSE 
due, primarily, to lower bias. The i-STAT point-of-care 
analyser would also be superior to either the Edge or 
Lactate Pro2, but its purchase cost, analysis time and 
consumables costs are several times higher than these 
other analysers (Table 1). 
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Between-device within-brand variation 
Estimates of the between-device within-brand standard 
deviations show that interchanging two units of the one 
brand is likely acceptable, with the exception of the Lac-
tate Pro. However, given that only two devices of each 
brand were assessed, the between-devices variability is 
poorly estimated with estimates having only one degree of 
freedom. Six devices of the same brand would be needed 
to obtain a reasonable estimate of the between-devices 
variation. A priori, one would anticipate that the variation 
between two factory-manufactured devices should be 
small, but our results for the Lactate Pro suggest that a 
prudent scientist would use the exact same unit of any 
particular brand of analyser for all of their blood lactate 
measurements on an individual athlete, and/or conduct 
regular between devices comparisons to ensure correct 
calibrations.  

Our estimate of the variation between one Radi-
ometer ABL90 and one Radiometer ABL715 analyser 
also showed very close agreement (Table 5). Despite 
quite limited data this suggests that the previous results of 
Tanner et al. (2010) are comparable to the current results, 
which used the newer ABL90. But again, this statement is 
tenuous given that we only use a single analyser of each 
model. 

In general terms, our results quantifying the impre-
cision between two Lactate Pro devices (Table 5) agree 
with previously published data. Tanner et al. (2010) re-
ported an overall CV of 5.2% across the measurement 
range of 1.2-15.6 mM, and in the current study the corre-
sponding CV was 3.6% (Table 5) for range 1.3-19.7 mM. 
Likewise, Pyne et al. (2000) reported a SD of 0.3 mM for 
the range of 1-18 mM and in the current study the SD was 
0.32 mM.  
 
Practical implications 
For cycling, the ADAPT calculations of training zones 
were unaffected by the biases of the different brands of 
analysers except for the Xpress and i-STAT analysers 
(Table 7). For rowing, the negative bias for BLa >15 mM 
on most portable analysers influenced LT2 calculations 
(Figure 4), such that all analysers except the Xpress and i-
STAT analysers over-estimated LT2 compared with the 
criterion by between 9 and 18 W. These biases would 
increase the calculated Training zones 4 and 5 (T4 - 
threshold, and T5 - maximal aerobic zones (Bourdon, 
2013)) effectively overestimating the ability of the athlete 
and prescribing a training intensity that would be too 
high. The inverse would be true for the Xpress and i-
STAT which both underestimated LT2 by 5 W for row-
ing. The difference in rowing compared with cycling data 
can be attributed to the elongated upper tail of lactate-
power curve produced in response to a typically large 
increase in power during the final stages of an incremen-
tal rowing test. These results imply that when choosing a 
BLa analyser and comparing results across time, consid-
eration must be given to the sport with which the device 
will be used as well as to the different methods imple-
mented to determine lactate thresholds and training zones.  
 
Limitations 

This investigation was a laboratory-based comparison 
using cannula-derived venous blood samples performed 
under controlled environmental conditions. Use in the 
field, using finger prick/earlobe blood sampling may 
produce slightly different results.  
 
Conclusion 
 
Since biological variation of blood lactate concentrations 
swamps analytical variation, our results suggest that any 
of the evaluated analysers could be used over time to 
reliably derive BLa thresholds and prescribe training 
intensities within an individual, and that analysers from 
the same manufacturer can be used interchangeably to do 
so. With regards to accuracy, no single portable analyser 
was perfect; however the Edge and Xpress analysers each 
had low bias for BLa <15 mM, whereas the Edge and 
Lactate Pro2 had relatively low bias for high lactate con-
centrations which can be particularly influential for train-
ing zone prescription.  
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Key points 
 
• The reliability of five common portable blood lac-

tate analysers were generally <0.5 mM for concen-
trations in the range of ~1.0-10 mM. 

• For all five portable analysers, the analytical error 
within a brand was much smaller than the biologi-
cal variation in blood lactate (BLa). 

• Compared with a criterion blood lactate analyser, 
there was a tendency for all portable analysers to 
under-read (i.e. a negative bias), which was particu-
larly evident at the highest concentrations (BLa 
~15-23 mM). 

• The practical application of these negative biases 
would overestimate the ability of the athlete and 
prescribe a training intensity that would be too 
high. 
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