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Abstract
The longitudinal monitoring of oxidative stress (OS) in athletes may enable the identification

of fatigued states and underperformance. The application of OS biomarker monitoring pro-

grams in sport are hindered by reliability and repeatability of in-the-field testing tools, the

turnaround of results, and the understanding of biological variation (BV). Knowledge of BV

and critical difference values (CDV) may assist with data interpretation in the individual ath-

lete. Methods: We aimed firstly to assess the repeatability of the clinical point of care redox

test, Free Oxygen Radical Test (FORT) and the Free Oxygen Radical Defence (FORD) in

trained participants and elite athletes and secondly to calculate the analytical, BV, CDV and

index of individuality (II) for FORT, FORD, red blood cell glutathione, lutein, α and γ–tocoph-

erol. Part 1: Fifteen elite athletes were sampled in duplicate for calculation of the repeatabil-

ity of the FORT and FORD tests. Part 2: Twelve well-trained athletes had venous samples

drawn every 2 hours from 0800 to 1800 for calculation of BV, CDV, II for FORT, FORD,

RBC GSH, lutein, α-tocopherol and γ–tocopherol. Results: Repeatability of the FORT and

FORD assay was 3.9% and 3.7% respectively. Biomarker CDV ranged from 12.8% to 37%,

with a circadian effect for FORT, α-tocopherol and γ-tocopherol (p<0.01), with all biomarker

indices of individuality < 0.8 arbitrary units. Conclusion: We report that the use of the novel

redox test in athletes is practical, and the generation of BV and CDV for biomarkers of OS

enhances the interpretation of physiologically meaningful changes in individuals above the

use of clinical reference ranges alone.
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Introduction
Exercise results in the production of reactive nitrogen and oxygen species (RNOS) and oxida-
tive stress (OS), an effect observed after all types of exercise and consistent across species, and
in different cell types, body fluids and tissues [1,2]. RNOS serve as important signaling mole-
cules in mitochondrial biogenesis [3], glucose transport [4] and muscle hypertrophy [5,6]; thus
having a role in adaptation to exercise. Indeed, exercise training increases endogenous antioxi-
dant enzymes along with biomarkers of cell lipid and protein oxidation, with changes propor-
tional to training volume and load [1,7,8]. The monitoring of OS in elite athletes may enable
the identification of fatigued states, under performance, and illness [1]. However, the successful
application of OS biomarker monitoring programs in elite sport is hindered by: 1) repeatability
of in-the-field testing tools and the need for rapid turnaround of results; 2) an understanding
of the athletes’ individual biological variation (BV) to elucidate meaningful changes [1,9] and
3) the inherent costs of the analytical methods and the invasive nature of repeated venous sam-
pling. Therefore the monitoring of OS, with a point of care (POC) test, coupled with knowledge
of the specific BV may assist practitioners with exercise prescription, recovery modalities and
dietary interventions.

Several POC tests have been developed for ‘field use’ to measure OS [10]; although conve-
nient, their validity has been questioned [11,12]. The Free Oxygen Radical Test (FORT) is an
indirect measure of reactive intermediary by products of in vivo lipid, protein, and nucleic acid
oxidation (hydroperoxides). The Free Oxygen Radical Defence test (FORD) is an indirect mea-
sure of antioxidant capacity, with ascorbic acid, glutathione, and albumin (but not uric acid),
accounting for the majority of antioxidant activity [10]. Together, the FORT and FORD tests
(FFT) provide an index of OS, and this index has been reported to have good reliability [13–
15]. Clinical studies have identified significance differences for FORT values in type-2 diabetics
[15], and in sickle cell disease [16] compared to healthy, age, weight and sex matched controls;
diseases in which OS is a component of the pathophysiology. To date, only one case study has
explored the application of the FFT in elite sport [17], in which elevated OS was demonstrated
in two premier league footballers with sickle cell trait; a condition recognised for disturbed
redox homeostasis and increased OS.

Practitioners, scientists and clinicians are required to decide whether changes are of physio-
logical importance and relevant to athlete health and performance. Most commonly, interpre-
tation of biomarker changes are made within the context of a population-based, reference-
derived value [18]; such an approach has limited value because of biological variation (BV) in
each biomarker. However, critical difference values (CDV), also referred to as a reference
change value, can aid the interpretation of meaningful changes [9,19]. Specifically, calculation
of the BV allows the quantification of random variation and temporal changes around a “set”
point. For a change to be deemed physiologically meaningful in an individual, the difference in
serial numerical results must be greater than the components of variation, referred to as the
CDV. Furthermore, the index of individuality (II) can be used to evaluate the usefulness of
population-based biomarker reference intervals for interpreting meaningful changes in indi-
viduals [18]. To date, no studies have reported the BV for the redox measures, FORT, FORD,
GSH, lutein or γ-tocopherol; with recommendations made for the publication of research on
the BV of biomarkers of OS in athletes [1]. Consequently, for the first time, we aimed to: 1)
assess the repeatability of the FFT at rest in elite athletes, and 2) calculate the analytical varia-
tion, BV, CDV, and index of individuality for FFT, RBC GSH, lutein, and α and γ-tocopherol
in well-trained participants.
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Methods

Part 1: Repeatability
Following institutional ethical approval, 15 national and internationally ranked (includes
Olympic and world medallists) endurance athletes (n = 8 males and 7 females; age

(mean ± SD) 22 ± 4 y; body mass 72 ± 7.1 kg; height 1.79 ± 0.03 m; _VO2max 66 ± 6.5 ml.kg-1.
min-1) volunteered to participate. Athletes were free living and attending a national training
centre, not taking any medications, and were subject to United Kingdom Anti-doping controls
and testing procedures. All athletes were tested in the general preparation phase of the annual
cycle and where following nutritional guidelines administered via the English Institute of Sport
system. Testing was carried out between 8 a.m. and 9 a.m. in a fasted, hydrated and rested
state. The following tests were performed after informed consent was obtained as a part of
sports science support provision, with procedures approved by the Internal Review Board of
the English Institute of Sport. Written informed consent being obtained from the athletes.

Blood sampling
Whole blood capillary samples (50 μL for FORD, and 20μL for FORT) were taken from each
ear lobe (duplicate samples), processed and analysed immediately at room temperature in line
with the manufacturer’s instructions (Callegari SpA, Catellani Group, Parma, Italy). Briefly,
heparinized capillary samples are immediately mixed with the reagent, centrifuged and ana-
lysed colorimetrically (CR3000, Callegari SpA, Catellani Group, Parma, Italy).

Biochemical analysis
FORT assay. The presence of reactive oxygen species was determined indirectly through

the FORT test [(Free Oxygen Radicals Testing) Callegari, Palma, Italy]. FORT is a colouri-
metric assay based on the capacity of transition metal ions (Fe3+ /Fe2+) to catalyze the break-
down of hydroperoxides (R-OOH) into derivative radicals [alkoxyl (R-O•) and peroxyl radicals
(R-OO•)] within the biological sample. The application of an acidic buffer to the 20μL capillary
sample, releases the transition metals from associated proteins, which react with the hydroper-
oxides present in the sample, producing the alkoxyl and peroxyl radicals. The derivative radi-
cals are trapped through the addition of a buffered chromogen (reagent; an amine derivative,
CrNH2) and develop into a radical cation in a linear based reaction at a controlled temperature
of 37°C, photometrically detectable at 505nm.

R�OOHþ Fe2þ ! R�O� þ OH� þ Fe3þ

R�OOHþ Fe3þ ! R�OO� þHþ þ Fe2þ

RO� þ ROO� þ 2CrNH2 ! RO� þ ROO� þ ½Cr�NH2
þ��

The intensity of the sample colour correlates with the quantity of radical compounds and
therefore the concentration of hydroperoxides in the biological sample, according to Lambert-
Beer’s law. The results are expressed as equivalent concentrations of H2O2 mmol•L-1 and lin-
earity ranged from 1.22 to 4.56 mmol•L-1 H2O2.

FORD assay. The FORD test (Callegari, Catellani, Italy) determines the presence of
plasma antioxidants via a colourimetric assay based on the capacity of the sample to reduce a
preformed radical cation. In the presence of an acidic buffer and a suitable oxidant (FeCl3), the
chromogen that contains 4-amino-N,N-diethylaniline sulfate forms a stable and coloured radi-
cal cation, photometrically detectable at 505 nm. The antioxidant compounds present in the
plasma sample reduce the radical cation of the chromogen, quenching the colour, and causing
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a discolouration of the sample, proportional to the concentration of antioxidants present. The
absorbance values generated are compared to standard curves derived from Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a derivative of vitamin E with
enhanced water solubility. FORD values are reported as Trolox equivalents, mmol•L-1, linearity
ranged from 0.25 to 3.0 mmol•L-1 Trolox.

ChromogenðuncoloredÞ þ oxidant ðFe3þÞ Hþ ! Chromogen: þ ðcolourÞ
Chromogen: þ ðcolourÞ þ AOH ! Chromogenþ ðuncoloredÞ þ AO

Part 2: Biological Variation:
The ethics committee of St Mary’s University approved the study. Twelve well-trained male
participants (n = 12) were recruited (age (mean ± SD) 30 ± 7 y; weight 81.9 ± 8.2 kg; height
1.86 ± 0.1 m). All participants provided written, informed consent following completion of a
health questionnaire. Healthy participants were selected based on recommendations for per-
forming studies on BV [18]. Strict control of environmental factors was undertaken to reduce
variability and control for factors known to disrupt redox homeostasis e.g. exercise [20], high
fat meal [21], infection [22], metabolic disease [23], antioxidant supplements [4]. All partici-
pants abstained from physical exercise, alcohol consumption for 72 hours prior to testing, caf-
feine for 24 hours, and maintained their normal dietary habits the day before testing.

Participants arrived at the laboratory at 7.30 a.m. Venous and capillary blood samples were
collected every two hours through the day at 0800, 1000, 1200, 1400, 1600, 1800 for the analysis
of RBC GSH, α and γ tocopherol, lutein, and the FORT and FORD assay. To minimise sources
of variation the following criteria were applied; fasted on arrival to the laboratory and remain-
ing without food until after the last blood sample was collected at 1800 to control for hormonal
fluctuations; water was allowed ad libitum throughout only, remaining supine on an examina-
tion couch at a comfortable temperature throughout (20–22°C) for a minimum of 20 minutes
prior to each blood draw.

Blood sampling
Blood was sampled at the antecubital vein for a total of six blood draws over 10 hours. For the
RBC GSH a single 5 ml sample of venous blood was collected in a lithium heparin vacutainer
tube (BD system; New Jersey, USA), and for lutein, α and γ tocopherol, a single 5 ml sample of
venous blood collected in a serum separator (SST) vacutainer tube (BD system; New Jersey,
USA). For details on the blood sampling of FFT see part 1 (above). For RBC GSH, lutein, α and
γ tocopherol, assays the samples were centrifuged and aliquots were stored at -50°C for later
analysis. To minimise analytical variance, RBC GSH, lutein, α and γ-tocopherol were analysed
under the same analytical conditions; the same batch of reagents and standards, and by the
same laboratory biochemists using the same analysers.

Biochemical Analysis
Serum α-tocopherol, γ-gamma tocopherol and serum lutein were measured by reverse-phase
high-pressure liquid chromatography (HPLC) on an Agilent 1200 series system (Agilent, Man-
chester, U.K) with ultra-violet/visible detection using a modification of the method of Thurn-
ham et al[24]. Samples were protected from light on analysis to reduce oxidation, and serum
separated for analysis by centrifugation at 3000 rpm for 10 minutes. Calibration was carried
out using pure tocopherol standards (Sigma chemical Co, Poole, Dorset, U.K) dissolved in
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ethanol and a lutein standard (AASC Ltd, Southampton, U.K.) dissolved in hexane/chloro-
form, in which concentrations were derived by scanning ultra-violet spectrophotometry and
applying the molar extinction coefficients for each substance. Quantification involved internal
standardization and dose-response curves established with authentic standards. Serum α-
tocopherol, γ-gamma tocopherol and serum lutein were reported as μmol•L-1. Intra assay CV
were 3.3%, 6.8%, and 3.5% for α-tocopherol, γ-tocopherol and lutein respectively.

RBC GSH was measured by the method of Beutler et al. [25] using the chromogenic reaction
of 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) with sulphydryl groups. The millimolar extinc-
tion coefficient of the DTNB anion was applied to derive concentrations of GSH in whole
blood and the erythrocyte GSH was calculated using the haematocrit (packed cell volume) of
the blood sample. RBC GSH reported as mmol GSH per litre of red cells, with the intra-assay
CV for RBC GSH of 2.4%.

Statistical Analysis
Numerical (mean ± standard deviation) and graphical summaries (case profile plots) were pro-
vided for each biomarker over time. In addition, plots of the relative change from baseline (%)
were generated for each variable. There was no evidence against normality for the distributions
of each biomarker at each time point. As each response variable of interest (i.e. the set of six bio-
markers) is a continuous variable, a linear mixed model was used to model the change over time.
A random effect for each individual was incorporated in all models and the within-individual
correlation over time was specified as unstructured. The time when the testing was recorded was
modeled as a fixed effect, initially as a categorical variable in order to allow a comparison in the
mean change at each time point and then as a continuous variable in order to compare the slopes
for each biomarker over time. Relationships between biomarker variables were examined using
Pearson correlations. All statistical analyses were carried out using R (version 3.1) and the nlme
package. The significance level was set at alpha = 0.05. Model assumptions were visually assessed
for each response at each time point using residual plots from the fitted model.

Part 1: Analytical variation (CVA)
The analytical coefficient of variation (CVA), the intra-assay CVA (%) were calculated for the
FORT and FORD test using methodology of Fraser and Harris [18]. CVA is calculated using
the following formula:

CVA ¼ SD
X

� 100 ð%Þ

Where X = mean and SD = standard deviation

Part 2: Analytical and Biological Variation
The CVA for RBC GSH, lutein, and α and γ-tocopherols were calculated using the formula
above, and derived from duplicate samples. The within subject biological variation (CVw),
between subject variation (CVB), CDV, and index of individuality (II) were calculated accord-
ing to methods of Fraser and Harris [18,19]. A missing value was substituted by the mean
value for that participant in the analysis.

CDV was calculated using the following formula:

CDV ¼ 21=2 � Z � ðCVA
2 þ CVW

2Þ1=2
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Given duplicate samples were run on RBC GSH, lutein, and α and γ-tocopherols, the CDV
was adjusted to the following, where by n2 refers to the number of analytical replicates (dupli-
cates):

CDV for duplicate analysis ¼ 21=2 � Z � ðCVA
2=n2 þ CVW

2Þ1=2

II was calculated using the following formula:

II ¼ ðCVa2 þ CVw
2Þ1=2=CVB

Results

Repeatability of FFT (part 1)
The repeatability of the FORT and FORD assay was 3.9% and 3.7% respectively. The FORT
and FORD results for the squad were 1.66 (0.36) mmol•L-1 and 1.76 (0.17) mmol•L-1

respectively.

Analytical, BV, CDV and index of individuality for the FFT (part 2)
A significant effect for time was observed for FORT (p<0.001), γ-tocopherol (p<0.001) and α-
tocopherol (p = 0.002) over the 10-hours, indicating circadian variation (Fig 1).

There was no effect for time for lutein (p = 0.60), RBC GSH (p = 0.52) and FORD
(p = 0.26). Figs 2 and 3 show the temporal effect for FORT and FORD, α- and γ-tocopherols
respectively, expressed as the relative change from baseline.

Table 1 summarises the mean (SD) for the FORT, FORD, RBC GSH, lutein and α and γ-
tocopherols.

Table 2 summarises the analytical and biological variability, CDV and index of individuality
for FORT, FORD, RBC GSH, lutein and α and γ-tocopherols. The analytical variability (CVA

%) for all the biomarkers indicates good precision for the assays (Table 2). The biomarker dis-
playing the greatest analytical (6.8%), biological (12.5%), and between subject variability
(51.4%), and CDV (37%) was γ-tocopherol.

For the redox biomarker FORT, moderate to weak relationships were observed for FORT
and RBC GSH (r = -0.41; p< 0.001), α-tocopherol (r = 0.47; p< 0.001) and lutein (r = -0.24;
p = 0.04) respectively. For plasma FORD, a strong relationship with RBC GSH was observed
for AMmeasures only (p = 0.001; r = 0.62). For biomarkers of nutritional status; strong to
moderate relationships were observed for α-tocopherol and γ-tocopherol (r = 0.78; p< 0.001);
α-tocopherol and lutein (r = 0.37; p = 0.001); γ-tocopherol and lutein (r = 0.41; p< 0.001); and
a weak correlation with RBC GSH and γ-tocopherol (r = 0.23; p = 0.04).

Discussion
We present new information on the BV and accompanying CDV and index of individuality
(II) for the OS and nutritional biomarkers FORT, FORD, RBC GSH, lutein and γ-tocopherol.
Furthermore, we provide evidence of a significant circadian effect for FORT, and serum α and
γ-tocopherol; no effect was observed for the antioxidants lutein, FORD or RBC GSH. A circa-
dian effect for FORT and γ-tocopherol represents a finding not reported elsewhere. The repeat-
ability (CVA) of the POC test for both the FORT (3.9%) and the FORD assay (3.7%), are
comparable with reported laboratory measures of OS and are of sufficient analytical precision
to be used clinically. Indeed, the CVA for FORT shows better precision than that reported for
malondialdehyde (MDA) (6.2%), lipid hydroperoxides (4.6%) plasma isoprostanes (4.5%), and
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protein carbonyls (11.9%) in BV OS research [9,20,26]. The CDV values vary between bio-
markers, with large relative changes required for RBC GSH (>27%), FORD (24%) and γ-
tocopherol (37%) before physiological significance could be confidently stated. For all OS and

Fig 1. Case Profile plot of each biomarker over time with mean (black dot), smoothed trajectory (blue line) and 95% confidence interval displayed
(dark shaded area).

doi:10.1371/journal.pone.0149927.g001

Fig 2. Relative changes (%) from baseline (time point 8:00 AM) for FORT (panel A) and FORD (panel B) over the 10-hours (n = 12). Dark black lines denote
group average (mean) expressed as percentage change from baseline, with grey lines as individual responses. * Significant effect for FORT (panel A) over
time (p<0.001).

doi:10.1371/journal.pone.0149927.g002
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nutritional biomarkers reported here, the II indicates that reference ranges are of limited use in
assessing meaningful changes in serial results in individuals. Interestingly, the participant with
the largest relative increase in FORT (28% over the 10 hours), greater than the FORT RCV of
17% and thus deemed to be of physiological significance, had the lowest concentrations of the
dietary antioxidants, γ-tocopherol, α-tocopherol, and lutein.

The increase in FORT observed over the course of the 10 hours might be explained by an
increased mobilization of free fatty acids (FFA’s) into the circulation to provide energy in the
absence of feeding (12–24 hour fast). Indeed, a positive correlation was observed between
FORT and α-tocopherol, representative of increasing mobilisation of plasma α–tocopherol
from adipose tissue in response to fasting, which is consistent with the observations of others
[27]. Or, the increase in FORT may reflect a circadian effect for OS which is evident indepen-
dent of feeding and has been reported by others for MDA, isoprostanes, and DNA oxidation
[28]. In contrast to our findings, Davison et al. [9] observed no evidence for a circadian effect
for MDA and lipid hydroperoxides over eight-hours in ten healthy fasted participants. The
lack of an effect observed by Davison et al. [9], may result from the lower number of partici-
pants, the reduced period of observation, differences in oxidation by products measured and
the greater analytical variability in the measures.

Given a circadian effect for biomarkers of OS and inflammatory cytokines (IL-6, TNF-α)
and the antioxidant pineal hormone melatonin [29], the use of FFT in conjunction with the
CDVmay provide a means of monitoring the impact of significant disruptions in the circadian
sleep-wake rhythm. Professional and Olympic athletes frequently undertake short- and long-

Fig 3. Relative changes (%) from baseline (time point 8:00 AM) for serum α-tocopherol (panel A) and γ-tocopherol (panel B) over the 10-hours (n = 12). Dark
black lines denote group average (mean) expressed as percentage change from baseline, with grey lines as individual responses. * Significant effect for
serum α-tocopherol (p< 0.001; panel A) and γ-tocopherol (p = 0.002; panel B) over time. P<0.05.

doi:10.1371/journal.pone.0149927.g003

Table 1. Absolute mean ± SD concentrations for FORT, FORD, RBCGSH, lutein, and α and γ-tocopherols.

8am 10am 12pm 2pm 4pm 6pm

FORT (mmol•L-1 H2O2) 1.81 (0.33) 1.84 (0.34) 1.88 (0.33) 1.88 (0.32) 1.94 (0.33) 1.92 (0.29)

FORD (mmol•L-1 Trolox) 1.53 (0.17) 1.52 (0.13) 1.56 (0.18) 1.62 (0.16) 1.63 (0.12) 1.52 (0.13)

γ–tocopherol (μmol•L-1) 2.17 (1.26) 1.97 (1.08) 1.81 (0.96) 1.79 (0.92) 1.60 (0.73) 1.60 (0.73)

α-tocopherol (μmol•L-1) 26.2 (6.4) 26.1 (6.1) 26.4 (6.2) 26.8 (6.6) 26.8 (5.7) 27.5 (6.2)

Lutein (μmol•L-1) 0.52 (0.22) 0.51 (0.22) 0.51 (0.21) 0.51 (0.19) 0.52 (0.21) 0.52 (0.21)

RBC GSH (mmol•L-1) 1.95 (0.39) 1.94 (0.38) 1.80 (0.30) 1.91 (0.28) 1.92 (0.39) 2.00 (0.43)

doi:10.1371/journal.pone.0149927.t001
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haul flights and identifying athletes displaying disruption to their sleep-wake cycle (physiologi-
cal relevant increases OS and inflammation using CDV) would aid athlete management.
Increases in pro-inflammatory cytokines are observed after mild sleep deprivation [30], with
FORT reported to correlate with inflammation (e.g. correlating with increases in high sensitiv-
ity c-reactive protein) [31].

Proposed theoretical mechanisms for the observed elevations in FORT (OS) are: 1) eleva-
tions in FFA oxidation as a result of increased FFA’s in keeping with a 24 hour fast and 2) cou-
pled with reduced ATP demand-substrate oxidation (supine for 12 hours) and thus elevations
in reducing equivalents (nicotinamide adenine dinucleotide; NADH2 and flavin adenine dinu-
cleotide; FADH2) leading to increased mitochondrial superoxide and H2O2 formation and
leak, ultimately elevating the basal levels of hydroperoxides. The generation of reducing equiva-
lents being high during fatty acid metabolism, even at low physiological FFA concentrations
[32] and the rate of mitochondrial H2O2 emission is increased when transitioning from carbo-
hydrate to a high fat diet [33]. In addition, a strong relationship exists between plasma FFA’s
and mitochondrial H2O2 production [34], and a 10-hour fast leads to persistent reductions in
cytosolic GSH/GSSG [33]. We observed a significant inverse relationship between plasma
FORT and RBC GSH concentrations.

To date three other studies have quantified the BV of OS indices and reported the CDV
[9,20,26]. However, to our knowledge, no studies have reported BV or CDV data for FORT,
FORD, RBC GSH, lutein and γ-tocopherol. The CDV we report in well trained participants for
α-tocopherol of 14% is in close agreement with that of 13% reported by Davison et al. [9] in
healthy males; using the same methodology. For FORT, we report an CDV of ~17%, which
contrasts with that of Davison et al. [9] for measures specific to lipid peroxidation, with 28%
for lipid hydroperoxides and 50% for MDA.

Our results demonstrate that laboratory reference ranges are not useful for the interpreta-
tion of OS biomarkers when applied to serial results in individuals, on the basis none of the bio-
markers demonstrated an index of individuality greater than 0.8, with a low of 0.10 for lutein,
and a high of 0.78 for the FORD assay. An index of greater than 1.4 indicates results can be
evaluated usefully against reference ranges [18].

The strengths of this study are the level of methodological pre-analytical control applied to
the participants. Such rigorous controls are a necessary feature of studies on BV to minimize
sources of variability. A limitation of the present study is that participants were all male.
Females were excluded given that oestrogen functions as an antioxidant [35]. In addition, the
inclusion of validated biomarkers of lipid, protein or deoxyribonucleic acid (DNA) oxidative
damage would have enabled deeper interrogation and understanding of the novel FORT assay
in athletes e.g. F2-isoprostanes; advanced oxidation protein products; protein carbonyls or

Table 2. Analytical and biological variation, critical difference values and index of individuality for FORT, FORD, RBCGSH, lutein, and α and γ-
tocopherols.

Biomarker CVA % CVW % CVB % II CDV %

FORT 3.9 5.0 17.3 0.29 17.4

FORD 3.7 7.5 9.6 0.78 23.8

γ-tocopherol 6.8 12.5 51.4 0.24 37.0

α-tocopherol 3.3 4.5 23.4 0.19 14.0

Lutein 3.5 3.9 40.8 0.10 12.8

RBC GSH 2.4 9.6 18.9 0.51 26.9

CVA % = analytical variation, CVW % = within subject, CVB % = between subject variation, II = index of individuality, CDV % = critical difference value

doi:10.1371/journal.pone.0149927.t002
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8-Oxo-2'-deoxyguanosine; for a review in elite athletes see Lewis et al. [1]. In view of the fact
plasma protein carbonyl concentrations have been shown to strongly reflect the redox status of
tissue at rest and after exercise, namely skeletal muscle and heart [36]; the measurement of pro-
tein carbonyls would be recommended for future studies incorporating FORT measures.

We recognise that there are limitations with “total” antioxidant capacity assays (TAC)
because such assays are not representative of the “total” antioxidant network in biological sys-
tems [37]. However, we chose to investigate the FFT, which includes a measure of plasma anti-
oxidant capacity (FORD) because: 1) the FORD assay decreases in diseases of OS and is thus
sensitive to depicting changes in OS; 2) uric acid is not a major component of the antioxidant
activity of the assay; 3) measures of TAC have been shown to decrease with psychological
stress, altitude, intense competition, training load and fatigued states [1,38]; 4) GSH is reported
to contribute to the antioxidant activity of the assay, and thus explain a significant proportion
of the variability in the assay 5) we believe the application of an OS point of care test has poten-
tial utility in elite sport and is worthy of scientific investigation. For plasma FORD, a significant
strong relationship with RBC GSH was observed for a.m. only.

Conclusions
We provide new information on the analytical, BV, II, CDV for biomarkers of OS and nutri-
tional status, to be used for monitoring and assessing meaningful changes in serial results in
individuals in relation to health, exercise and performance. We stress the importance of gener-
ating such data, given that for many biomarkers (notably redox measures), laboratory reference
ranges have poor utility due to BV. In view of a circadian effect for FORT, α and γ-tocopherol,
consideration should be given to the time of day for sampling. Finally, the FFT redox test may
be applied in sports and clinical practice and in the field (e.g. training camps) for the assess-
ment of OS, with the critical difference values published here used to enhance interpretation of
meaningful changes in OS in individuals.

Acknowledgments
The authors would like to thank Dr Florence Newton for providing medical supervision, along
with Miss Jessica Hill in assisting with collecting blood samples from the study participants. As
well as Dr Nick Miller and his team at Biolab Medical Unit, London, UK, for their expertise
and assistance in the analysis of specific nutritional biomarkers. We wish to thank all the ath-
letes for participating and allowing for the publication of their data.

Author Contributions
Conceived and designed the experiments: NAL CRP GH. Performed the experiments: NAL
RB. Analyzed the data: NAL JN. Wrote the paper: NAL JN RB CRP GH.

References
1. Lewis NA, Howatson G, Morton K, Hill J, Pedlar CR. Alterations in redox homeostasis in the elite endur-

ance athlete. Sports Med. 2015; 45: 379–409. doi: 10.1007/s40279-014-0276-5 PMID: 25319354

2. Nikolaidis MG, Kyparos A, Spanou C, Paschalis V, Theodorou AA, Vrabas IS. Redox biology of exer-
cise: an integrative and comparative consideration of some overlooked issues. Journal of Experimental
Biology. 2012; 215: 1615–1625. doi: 10.1242/jeb.067470 PMID: 22539728

3. Gomez-Cabrera M-C, Domenech E, Romagnoli M, Arduini A, Borras C, Pallardo FV, et al. Oral admin-
istration of vitamin C decreases muscle mitochondrial biogenesis and hampers training-induced adap-
tations in endurance performance. Am J Clin Nutr. 2008; 87: 142–149. PMID: 18175748

Critical Difference Values for Redox Biomarkers in Athletes

PLOS ONE | DOI:10.1371/journal.pone.0149927 March 1, 2016 10 / 12



4. Ristow M, Zarse K, Oberbach A, Klöting N, Birringer M, Kiehntopf M, et al. Antioxidants prevent health-
promoting effects of physical exercise in humans. Proc Natl Acad Sci USA. 2009; 106: 8665–8670. doi:
10.1073/pnas.0903485106 PMID: 19433800

5. Handayaningsih A-E, Iguchi G, Fukuoka H, Nishizawa H, Takahashi M, Yamamoto M, et al. Reactive
oxygen species play an essential role in IGF-I signaling and IGF-I-induced myocyte hypertrophy in
C2C12 myocytes. Endocrinology. 2011; 152: 912–921. doi: 10.1210/en.2010-0981 PMID: 21239445

6. Paulsen G, Hamarsland H, Cumming KT, Johansen RE, Hulmi JJ, Børsheim E, et al. Vitamin C and E
supplementation alters protein signalling after a strength training session, but not muscle growth during
10 weeks of training. The Journal of Physiology. 2014; 592: 5391–5408. doi: 10.1113/jphysiol.2014.
279950 PMID: 25384788

7. Margonis K, Fatouros IG, Jamurtas AZ, Nikolaidis MG, Douroudos I, Chatzinikolaou A, et al. Oxidative
stress biomarkers responses to physical overtraining: Implications for diagnosis. Free Radical Biology
and Medicine. 2007; 43: 901–910. doi: 10.1016/j.freeradbiomed.2007.05.022 PMID: 17697935

8. KnezWL, Jenkins DG, Coombes JS. The Effect of an Increased Training Volume on Oxidative Stress.
Int J Sports Med. 2013. doi: 10.1055/s-0033-1333746

9. Davison GW, Ashton T, Mceneny J, Young IS, Davies B, Bailey DM. Critical difference applied to exer-
cise-induced oxidative stress: the dilemma of distinguishing biological from statistical change. J Physiol
Biochem. 2012; 68: 377–384. doi: 10.1007/s13105-012-0149-z PMID: 22298153

10. Palmieri B, Sblendorio V. Oxidative stress tests: overview on reliability and use. Part I Eur Rev Med
Pharmacol Sci. 2007; 11: 309–342. PMID: 18074940

11. Kilk K, Meitern R, Härmson O, Soomets U, Hõrak P. Assessment of oxidative stress in serum by d-
ROMs test. Free Radic Res. 2014; 48: 883–889. doi: 10.3109/10715762.2014.919390 PMID:
24773038

12. Lindschinger M, Nadlinger K, Adelwöhrer N, Holweg K, Wögerbauer M, Birkmayer J, et al. Oxidative
stress: potential of distinct peroxide determination systems. Clin Chem Lab Med. 2004; 42: 907–914.
doi: 10.1515/CCLM.2004.147 PMID: 15387441

13. Garelnabi MO, BrownWV, Le N-A. Evaluation of a novel colorimetric assay for free oxygen radicals as
marker of oxidative stress. Clinical Biochemistry. 2008; 41: 1250–1254. doi: 10.1016/j.clinbiochem.
2008.07.009 PMID: 18703037

14. Abramson JL, Hooper WC, Jones DP, Ashfaq S, Rhodes SD, Weintraub WS, et al. Association
between novel oxidative stress markers and C-reactive protein among adults without clinical coronary
heart disease. Atherosclerosis. 2005; 178: 115–121. doi: 10.1016/j.atherosclerosis.2004.08.007 PMID:
15585208

15. Pavlatou MG, Papastamataki M, Apostolakou F, Papassotiriou I, Tentolouris N. FORT and FORD: two
simple and rapid assays in the evaluation of oxidative stress in patients with type 2 diabetes mellitus.
Metab Clin Exp. 2009; 58: 1657–1662. doi: 10.1016/j.metabol.2009.05.022 PMID: 19604518

16. Gizi A, Papassotiriou I, Apostolakou F, Lazaropoulou C, Papastamataki M, Kanavaki I, et al. Assess-
ment of oxidative stress in patients with sickle cell disease: The glutathione system and the oxidant-
antioxidant status. Blood Cells, Molecules, and Diseases. 2011; 46: 220–225. doi: 10.1016/j.bcmd.
2011.01.002 PMID: 21334230

17. Catterson P, Moore B, Hodgson A, Lewis N, Newell J, Charles P. A case study of two premiership foot-
ballers with sickle cell trait using novel tests of redox homeostasis. British Journal of Sports Medicine.
2014; 48: 577–577. doi: 10.1136/bjsports-2014-093494.47

18. Fraser CG. Biological variation: from principles to practice. AACC Press. Washington, DC; 2001.

19. Fraser CG. Reference change values. Clinical Chemistry and Laboratory Medicine. 50. doi: 10.1515/
cclm.2011.733

20. Mullins AL, van Rosendal SP, Briskey DR, Fassett RG, Wilson GR, Coombes JS. Variability in oxida-
tive stress biomarkers following a maximal exercise test. Biomarkers. 2013; 18: 446–454. doi: 10.3109/
1354750X.2013.810668 PMID: 23862764

21. Bloomer RJ, Kabir MM, Marshall KE, Canale RE, Farney TM. Postprandial oxidative stress in response
to dextrose and lipid meals of differing size. Lipids Health Dis. 2010; 9: 79. doi: 10.1186/1476-511X-9-
79 PMID: 20663187

22. Schwarz KB. Oxidative stress during viral infection: a review. Free Radical Biology and Medicine. 1996;
21: 641–649. PMID: 8891667

23. Le Lay S, Simard G, Martinez MC, Andriantsitohaina R. Oxidative Stress and Metabolic Pathologies-
From an Adipocentric Point of View. Oxidative Medicine and Cellular Longevity. Hindawi Publishing
Corporation; 2014;: 1–18. doi: 10.1155/2014/908539

Critical Difference Values for Redox Biomarkers in Athletes

PLOS ONE | DOI:10.1371/journal.pone.0149927 March 1, 2016 11 / 12



24. Thurnham DI, Smith E, Flora PS. Concurrent liquid-chromatographic assay of retinol, alpha-tocopherol,
beta-carotene, alpha-carotene, lycopene, and beta-cryptoxanthin in plasma, with tocopherol acetate as
internal standard. Clinical Chemistry. 1988; 34: 377–381. PMID: 3342512

25. Beutler E, Duron O, Kelly BM. Improved method for the determination of blood glutathione. J Lab Clin
Med. 1963; 61: 882–888. PMID: 13967893

26. Dahwa R, Fassett RG, Wang Z, Briskey D, Mallard AR, Coombes JS. Variability of oxidative stress bio-
markers in hemodialysis patients. Biomarkers. 2014; 19: 154–158. doi: 10.3109/1354750X.2013.
867533 PMID: 24520971

27. Brouwer DA, Molin F, van BeusekomCM, van Doormaal JJ, Muskiet FA. Influence of fasting on circu-
lating levels of alpha-tocopherol and beta-carotene. Effect of short-term supplementation. Clin Chim
Acta. 1998; 277: 127–139. PMID: 9853696

28. Kanabrocki EL, Murray D, Hermida RC, Scott GS, Bremner WF, Ryan MD, et al. Circadian variation in
oxidative stress markers in healthy and type II diabetic men. Chronobiol Int. 2002; 19: 423–439. PMID:
12025934

29. Faraut B, Bayon V, Léger D. Neuroendocrine, immune and oxidative stress in shift workers. Sleep Med-
icine Reviews. Elsevier Ltd; 2013; 17: 433–444. doi: 10.1016/j.smrv.2012.12.006 PMID: 23618533

30. Pejovic S, Basta M, Vgontzas AN, Kritikou I, Shaffer ML, Tsaoussoglou M, et al. Effects of recovery
sleep after one work week of mild sleep restriction on interleukin-6 and cortisol secretion and daytime
sleepiness and performance. AJP: Endocrinology and Metabolism. 2013; 305: E890–E896. doi: 10.
1152/ajpendo.00301.2013

31. Harris MT, Davis WW, Le N-A, Eggleston B, Austin GE, Moussa M, et al. Free oxygen radicals in whole
blood correlate strongly with high-sensitivity C-reactive protein. Journal of Clinical Lipidology. 2007; 1:
593–598. doi: 10.1016/j.jacl.2007.10.008 PMID: 21291700

32. Seifert EL, Estey C, Xuan JY, Harper ME. Electron Transport Chain-dependent and -independent
Mechanisms of Mitochondrial H2O2 Emission during Long-chain Fatty Acid Oxidation. Journal of Bio-
logical Chemistry. 2010; 285: 5748–5758. doi: 10.1074/jbc.M109.026203 PMID: 20032466

33. Anderson EJ, Lustig ME, Boyle KE, Woodlief TL, Kane DA, Lin C-T, et al. Mitochondrial H2O2 emission
and cellular redox state link excess fat intake to insulin resistance in both rodents and humans. J Clin
Invest. 2009; 119: 573–581. doi: 10.1172/JCI37048DS1 PMID: 19188683

34. Sahlin K, Shabalina IG, Mattsson CM, Bakkman L, FernstromM, Rozhdestvenskaya Z, et al. Ultraen-
durance exercise increases the production of reactive oxygen species in isolated mitochondria from
human skeletal muscle. Journal of Applied Physiology. 2010; 108: 780–787. doi: 10.1152/japplphysiol.
00966.2009 PMID: 20110545

35. Strehlow K. Modulation of Antioxidant Enzyme Expression and Function by Estrogen. Circulation
Research. 2003; 93: 170–177. doi: 10.1161/01.RES.0000082334.17947.11 PMID: 12816884

36. Veskoukis AS, Nikolaidis MG, Kyparos A, Kouretas D. Blood reflects tissue oxidative stress depending
on biomarker and tissue studied. Free Radical Biology and Medicine. 2009; 47: 1371–1374. doi: 10.
1016/j.freeradbiomed.2009.07.014 PMID: 19616614

37. Sies H. Total antioxidant capacity: appraisal of a concept. The Journal of Nutrition. 2007; 137: 1493–
1495. PMID: 17513413

38. Sivoňová M, Žitňanová I, Hlinčíková L, Škodáček I, Trebatická J,Ďuračková Z. Oxidative Stress in Uni-
versity Students during Examinations. Stress. 2004; 7: 183–188. doi: 10.1080/10253890400012685
PMID: 15764015

Critical Difference Values for Redox Biomarkers in Athletes

PLOS ONE | DOI:10.1371/journal.pone.0149927 March 1, 2016 12 / 12


