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Purpose

To compare the effects of high-intensity interval training (HIIT) and moderate-intensity
training (CONT), matched for total work, on cardiorespiratory coordination and aerobic
fitness.

Methods

Two-arm parallel group single-blind randomised study. Twenty adults were randomly
assigned to 6 weeks of HIIT or volume-matched CONT. Participants completed a
progressive maximal cycling test before and after the training. Principal component
(PC) analysis was performed on the series of cardiorespiratory variables to evaluate
dimensionality of cardiorespiratory coordination, before and after lactate turnpoint. PC1
eigenvalues were compared.

Results

Both HIIT and CONT improved aerobic fitness (main effects of time, p < 0.001, np2 =
0.580), with no differences between groups. CONT decreased the number of PCs from
2 to 1 at intensities both below and above the lactate turnpoint; PC1 eigenvalues
increased after CONT both below (Z = 2.08; p = 0.04; d = 0.94) and above the lactate
turnpoint (Z = 2.10; p = 0.04; d = 1.37). HIIT decreased the number of PCs from 2 to 1
after the lactate turnpoint only; PC1 eigenvalues increased after HIIT above the lactate
turnpoint (Z = 2.31; p = 0.02; d = 0.42).

Conclusions
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Although CONT and HIIT improved aerobic fitness to a similar extent, there were
different patterns of change for cardiorespiratory coordination. Changes in
cardiorespiratory coordination appear training-intensity specific and could be a

sensitive tool to investigate the individual cardiorespiratory response to endurance
training.
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Cardiorespiratory coordination reveals training-specific physiological adaptations

Abstract

Purpose: To compare the effects of high-intensity interval training (HIIT) and moderate-intensity training

(CONT), matched for total work, on cardiorespiratory coordination and aerobic fitness.

Methods: Two-arm parallel group single-blind randomised study. Twenty adults were randomly assigned to 6
weeks of HIIT or volume-matched CONT. Participants completed a progressive maximal cycling test before
and after the training. Principal component (PC) analysis was performed on the series of cardiorespiratory
variables to evaluate dimensionality of cardiorespiratory coordination, before and after lactate turnpoint. PC,

eigenvalues were compared.

Results: Both HIIT and CONT improved aerobic fitness (main effects of time, p <0.001, np2 > 0.580), with no
differences between groups. CONT decreased the number of PCs from 2 to 1 at intensities both below and above
the lactate turnpoint; PC; eigenvalues increased after CONT both below (Z=2.08; p=0.04; d = 0.94) and above
the lactate turnpoint (Z = 2.10; p = 0.04; d = 1.37). HIIT decreased the number of PCs from 2 to 1 after the
lactate turnpoint only; PC; eigenvalues increased after HIIT above the lactate turnpoint (Z=2.31; p=0.02; d=

0.42).

Conclusions: Although CONT and HIIT improved aerobic fitness to a similar extent, there were different
patterns of change for cardiorespiratory coordination. Changes in cardiorespiratory coordination appear
training-intensity specific and could be a sensitive tool to investigate the individual cardiorespiratory response

to endurance training.

Keywords: endurance training; high-intensity interval training; moderate-intensity continuous training;

coordinative variables; principal component analysis.



i. Introduction

High intensity interval training (HIIT) provides similar or even greater improvements in aerobic fitness than
moderate intensity continuous training (CONT), despite a shorter training time commitment (Meyer et al. 2013;
Jelleyman et al. 2015; Ramos et al. 2015). There is no clear consensus as to whether HIIT or CONT are most
efficacious in improving aerobic fitness (Jiménez-Pavon and Lavie 2017; Viana et al. 2018) likely due to, in
part, to differences between studies with regards to the training protocols and outcome measures employed.
Aerobic fitness has been assessed with markers including maximal oxygen consumption (VOamax), lactate
thresholds, and anaerobic performance indices (Racil et al. 2013; Nalcakan 2014; O’Leary et al. 2017), but with
varying results. When looking at individual data, at least 20-50% of participants undergoing various HIIT or
CONT protocols reveal non-response in at least one outcome variable, including VOamay (Astorino and Schubert
2014; Gurd et al. 2016; Astorino et al. 2018). These results suggest that the commonly registered markers of
acrobic training are not sensitive enough to capture the specific training adaptations (Balagué et al. 2016) or the
optimal endurance training intervention might be specific to each individual depending on sensitivity to training

(Astorino et al. 2018). Our research hypothesis is centred on these issues.

Previous work has shown that VOamax and other commonly registered maximal physiological and
performance variables may not be sensitive enough to detect specific physiological adaptations occurring after
different types of training (Balagué et al. 2016). A feasible explanation may stem from the fact that they provide
little information on the specific nonlinear dynamic interactions between organic subsystems (Bartsch et al.
2015; Ivanov et al. 2016). The study of time series of coordinative variables (Schulz et al. 2013) and the
application of nonlinear models (Goushcha et al. 2014) may detect these specific interactions. This research
approach will enable the measurement of quantitative (e.g., VO2max) and qualitative adaptations (e.g., in the
cardiorespiratory coordination), and may be more sensitive in evaluating the effects of different types of

endurance training.

Cardiorespiratory coordination is a novel method of measuring co-variation of cardiorespiratory
variables during exercise testing (Balagué et al. 2016; Garcia-Retortillo et al. 2017). It is estimated through

principal component analysis (PCA), performed on the time series of selected cardiovascular and respiratory



outcomes. In contrast to isolated cardiorespiratory outcomes, the cardiorespiratory response to exercise can be
represented, through PCA, by a short set of principal components (PCs) extracted in decreasing order of
importance. Principal components represent the maximum possible fraction of the variability from the original
data, so that the total number of PCs reflects the degree of coordination among different cardiorespiratory
variables (high number of PCs entail low coordination, whereas low number of PCs imply high coordination;
see Balagué et al. 2016 for a detailed explanation). Cardiorespiratory coordination has recently shown a higher
responsiveness to training (Balagué et al. 2016) and training load (Garcia-Retortillo et al. 2017) than VOamax
and other markers of acrobic fitness. The training-induced changes in cardiorespiratory coordination represent
the ability of biological systems to optimise their response by means of an efficient reallocation of their
resources under immediate environmental and/or organismic constraints (Scholz and Schoner 1999; Latash

2008).

Accordingly, the aim of the present research was to compare the effects of HIIT and CONT, matched for
total work, on cardiorespiratory coordination. This study involves a re-analysis of cardiorespiratory data from a
previous training study (O’Leary et al. 2017). We hypothesised that HIIT and CONT would display training
specific cardiorespiratory coordination adaptations despite similar improvements in lactate threshold, lactate

turnpoint, VOamax, and peak power output (W may).

ii. Methods

Twenty healthy adults (four women; age 27 + 6 years, height 1.75 £ 0.10 m, mass 79.0 £ 13.2 kg)
volunteered to participate in this two-arm parallel group single-blind randomised study. The study was approved
by Oxford Brookes University institutional ethics review board. Each participant completed health history
questionnaires and provided written informed consent before taking part. All participants were non-smokers,
not taking any medications and were not engaged in endurance training (< 30 min per session, < 2 sessions per
week). After completing the pre-training experimental trials, participants were randomised (1:1) into either a
HIIT group or a group completing work-matched CONT, stratified according to the lactate threshold and
VOumax. The list was held by an investigator who supervised the training interventions. Participants were naive

to the study hypotheses and no intervention was presented to be superior. Group allocation was concealed from
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the assessor during the experimental trials until the end of the study, and participants were instructed to refrain
from discussing their training programme. All experimental trials were therefore completed by a blinded
assessor.

Each participant completed three experimental trials, all performed at the same time of day, before and
after 6 weeks of either HIIT or CONT (see O’Leary et al. 2017a, 2017b); the data in this current study concerns
the first visit completed at the pre-training and post-training time-points only. Each participant was instructed
to arrive at the laboratory 2 h postprandial and after abstaining from caffeine (12 h), alcohol (24 h) and
exhaustive exercise (48 h). During this first visit at each time-point, participants completed a submaximal and
maximal exercise test for the determination of the lactate threshold, lactate turnpoint and VOamax. At follow-up,
the submaximal and maximal exercise tests were repeated within 2 - 4 days of completing the training
interventions.

The exercise test was completed on an electromagnetically braked cycle ergometer (Excalibur Sport,
Lode, Netherlands) at a self-selected cadence above 60 rpm. Heart rate and expired gases were monitored using
online telemetry (T31, Polar, Finland) and an online gas analyser (Metalyzer 3B, Cortex, Germany),
respectively. Blood lactate concentrations ([La’]) were measured from whole blood finger-tip capillary samples
(Lactate Pro, Arkray, Japan). Perceived exertion (RPE) was determined using the Borg Scale (6 - 20).

Participants first completed a submaximal exercise test for the determination of the lactate threshold
and lactate turnpoint. The submaximal exercise test started at 50 W for men and 30 W for women with the
intensity increased by 20 W every 4 min. [La’] was measured at the end of each stage and the test was terminated
once [La] reached >4 mmol-1"'. The lactate threshold and lactate turnpoint were determined by visual inspection
of the power output and [La’] relationship by two blinded independent reviewers. The lactate threshold was
defined as the first sudden and sustained increase in [La’] and the lactate turnpoint was defined as the appearance
of a second sudden increase in [La’] between the lactate threshold and VOaumay. Following 20 min rest, a maximal
ramp test was completed for the determination of VOaumay. The maximal test began with cycling for 1 min at 100
W for men and 50 W for women, followed by a ramp increase of 25 W-min™' for men and 20 W-min™! for women
until 60 rpm could no longer be maintained. Expired gases and HR were measured throughout. VOamax and Wiax

were taken as the highest 30 s average of the recorded VO and power output, respectively.



All training sessions were completed on a cycle ergometer (either Excalibur Sport or Corival, Lode,
Netherlands) and supervised by an investigator. Both the HIIT and CONT training groups completed 3 training
sessions per week for 6 weeks (18 sessions total) with each session separated by a minimum of 24 h. An adapted
HIIT protocol was used (Weston et al. 1997), which involved 6 repeats of 5 min cycling at an intensity
equivalent to halfway between the lactate threshold and VOamax (50%A), each separated by 1 min rest. The
number of repeats was progressed to 8 during weeks 4 - 6. The CONT protocol involved continuous cycling at
90% of the power output at lactate threshold. The duration was prescribed so that the same volume of work (kJ)
that would have been completed in the HIIT protocol was reached at the power output equal to 90% of lactate
threshold. HR and RPE were measured at 5 min intervals throughout each training session with the training
intensity re-assessed every 2 weeks (session 7 and 13) and increased if necessary to ensure HR and RPE were
consistent with baseline values. The full characteristics of the training interventions have been reported in a
previous publication (O’Leary et al. 2017).

Statistical analyses were completed in SPSS (v.23, SPSS Inc., USA). All data were tested for normality.
To study cardiorespiratory coordination, a PCA was carried out on the time series of selected cardiorespiratory
variables in all participants, in both pre- and post-training maximal tests: end-tidal partial pressure of oxygen
(PetO»), end-tidal partial pressure of carbon dioxide (PetCO»), ventilation (VE), and HR. Oxygen pulse, oxygen
consumption, respiratory equivalents (VE/VO,, VE/VCO,, respiratory exchange ratio), and other frequently
recorded parameters during cardiorespiratory testing were not included in the analysis given their known
deterministic mathematical relation with the aforesaid variables (Balagué et al. 2016; Garcia-Retortillo et al.
2017). Continuous blood pressure monitoring could not be provided in this study; however, non-published
results of our lab have shown similar results while analysing cardiorespiratory coordination with and without
continuous blood pressure measurement. Bartlett's sphericity test and the Kaiser-Mayer-Olkin (KMO) index
(Denis 2016) were computed in order to evaluate the suitability of the application of the PCA. The number of
PCs was defined by the Kaiser-Gutmann criterion, which recognizes PCs with eigenvalues A > 1.00 as
significant (Jolliffe 2002; Balagué et al. 2016). Since eigenvalues of the first PC (PC;) contain the largest amount
of the data variance, PC; eigenvalues and the loadings of selected cardiorespiratory variables onto PC; were

also calculated and compared within and between groups, by means of a Wilcoxon matched pairs test and Mann
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Whitney U test, respectively. The same procedure was repeated before and after lactate turnpoint with the aim
of accurately analysing cardiorespiratory coordination.

Total training volume and baseline measures of aerobic fitness were compared between groups with
independent samples t-tests. A series of 2 x 2 (group [HIIT and CONT] X time [pre-training and post-training])
mixed-design ANOV As were used to compare training interventions for changes in aerobic fitness. Where the
assumption of sphericity was violated, Greenhouse-Geisser corrections were applied. Where an ANOVA
revealed a significant main effect or interaction, post-hoc contrasts and t-tests were used to test for differences
within and between groups where appropriate. Effect sizes (Cohen's d) were computed to demonstrate the
magnitude of standardized mean differences and an alpha level was set at 0.05 for all statistical tests.

iii. Results

Bartlett's sphericity test (p <0.001) and the KMO index (M = 0.70; SD =0.11) showed a good sampling

adequacy for the application of the PCA, in both CONT and HIIT.

Within CONT. Four participants decreased the number of PCs (from 2 PCs to 1 PC) at intensities
below and above lactate turnpoint from pre to post-training (see Table 1), indicating a larger degree of co-
variation among selected cardiorespiratory variables post-training. At intensities below the lactate turnpoint,
while PC; was formed by VE, PetCO,, and HR, PC, was mainly formed by PetO, However, at intensities above
the lactate turnpoint, PC; was loaded by VE, PetO,, and HR, and PC, was mainly formed by PetCO: (see Table
1 and Figure 1). All participants (even those with no changes in the number of PCs) significantly increased PC;
eigenvalues after the training period both before (Z =2.08; p=0.04; d =0.94) and after LT (Z =2.10; p = 0.04;

d=1.37; see Table 1).

Within HIIT. Three participants decreased the number of PCs (from 2 PCs to 1PC) at intensities above
the lactate turnpoint from pre to post-training (see Table 1), indicating a higher degree of co-variation among
physiological variables specifically after the lactate turnpoint. At intensities below the lactate turnpoint, whereas
PC, was formed by VE, PetCO,, and HR, PC, was formed by PetO, However, at intensities above the lactate
turnpoint, PC; was loaded by VE, PetO,, and HR, and PC, was mainly formed by PetCO, (see Table 1 and

Figure 2). PC, eigenvalues significantly increased after the training period (even in those participants with no
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changes in the number of PCs), but only at intensities above the lactate turnpoint (Z =2.31; p=0.02; d = 0.42;
see Table 1). No significant differences were found in PC; eigenvalues below the lactate turnpoint, when

comparing pre and post-training (Z = 0.42; p = 0.68).

Between groups (post-training). Below the lactate turnpoint five participants had 1 PC in CONT, but
only one participant showed 1 PC in HIIT (Table 1), revealing a higher degree of co-variation following CONT
below the lactate turnpoint. However, above the lactate turnpoint, six participants in both CONT and HIIT
showed 1 PC, demonstrating a similar degree of co-variation between groups above the lactate turnpoint. There
were no significant differences when comparing PC; eigenvalues or the loadings of physiological variables

between groups, neither before (U = 38.00; p = 0.86) nor after LT (U = 72.00; p = 0.26; see Table 1).

As previously reported (O’Leary et al. 2017a, 2017b) there were no differences between groups for training-
induced changes in aerobic fitness parameters: lactate threshold, lactate turnpoint, VOamax 0F Woax (group x time
interactions, all p > 0.081, n,> <0.159). Both HIIT and CONT increased the power at lactate threshold, power
at lactate turnpoint, Wiay and VOama (I'min™') (main effects of time, p < 0.001, 1,2 > 0.580) with the VO,
(%VOamax) at LT and lactate turnpoint demonstrating a similar pattern of change.

iv. Discussion

This study utilised a novel approach to analyse the effect of HIIT and CONT on cardiorespiratory
coordination. All participants from the CONT group improved cardiorespiratory coordination at intensities
above and below the lactate turnpoint, whereas following HIIT, cardiorespiratory coordination increased at
intensities above the lactate turnpoint only. Since a dimension reduction (i.e., reduction in the number of PCs)
is a hallmark of formation of coordinative structures (Kelso 1995), these changes suggest that a coordinative,
nonlinear reconfiguration occurred following training (Balagué¢ et al. 2016). This adaptation may represent a
reallocation of biological resources under immediate environmental and/or organismic constraints (Scholz and
Schoner 1999; Latash 2008). Despite the different patterns of change at the level of organic coordination (i.e.,
cardiorespiratory coordination), specifically below the lactate turnpoint, both groups increased aerobic fitness
(VOamax, lactate threshold, and lactate turnpoint) to a similar extent, in agreement with previous work-matched

CONT and HIIT studies (Balagué et al. 2016; Garcia-Retortillo et al. 2017). These observations suggest that
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changes in cardiorespiratory coordination might be specific for each training intervention and reinforces the
idea that cardiorespiratory coordination analysis could be a sensitive tool to investigate the individual

cardiorespiratory response to exercise training (Balagué et al. 2016; Garcia-Retortillo et al. 2017).

Although HIIT improved the lactate threshold, in agreement with previous research (Edge et al. 2006;
Ni Chéilleachair et al. 2017), no improvements were observed in cardiorespiratory coordination before the
lactate turnpoint. At exercise intensities below the lactate turnpoint, the variance of the selected
cardiorespiratory variables was mostly captured by two PCs pre-training for both the CONT and HIIT groups
(Table 1). While PC; was formed by VE, PetCO,, and HR, only PetO, was aligned with PC, The lack of
covariation and the subsequent set-up of PC, may be as a result of the particular dynamics of PetO,, which
decreases at exercise onset and progressively increases thereafter, whereas the variables forming PC;
demonstrate an increase from the onset of exercise (Garcia-Retortillo et al. 2017). The decrease of PetO; at
exercise onset was nonetheless insufficient in most of participants post-training to form a new PC, in CONT
(see Figure 1). As suggested by Balagué et al (2016) an attenuated decrease in the data series for similar or
higher workloads (the decrease would therefore affect fewer data points) suggests better ventilation and/or
buffering. It could therefore be interpreted that there was an attenuated phase of falling PetO, following CONT,
since there were lower O, demands at test onset due to an increase in the efficiency of gas exchange (Ben-Tal
et al. 2012). It should be noted that participants who did not decrease the number of PCs before lactate turnpoint,
significantly increased PC; eigenvalues, which is also indicative of an increase in the degree of co-variation
and, thus, an improvement on cardiorespiratory coordination. A feasible interpretation for the lack of
improvements in cardiorespiratory coordination below the lactate turnpoint following HIIT, may be related to
the specificity of training intensity, and therefore, HIIT could have been less likely to improve gas exchange

efficiency at lower exercise intensities.

During exercise intensities higher than lactate turnpoint, PC; was loaded by VE, PetO,, and HR, and
PC; was mainly formed by PetCO, (Table 1). The distinct behaviour of PetCO, above lactate turnpoint (i.e.,
dominantly decreasing while the other variables increases), due to the non-proportional increase in ventilation

compared to VCO; as a result of the rise in H" (Binder et al. 2008) was responsible for the formation of PC,.



However, the PetCO, decreasing phase was not long enough (i.c., affected fewer data points) following either
CONT or HIIT to form a new PC; in most of participants, potentially as a result of improved bicarbonate

buffering efficiency during higher exercise intensities.

The results in this study do not address whether CONT or HIIT are most efficacious at improving
acrobic fitness, however, as suggested by Astorino et al (2018), the “one size fits all” approach, in which an
identical protocol is applied to each individual may not be appropriate, since individual responses to training
might occur. The lack of between-groups differences in improvements in makers of aerobic fitness (Edge et al.
2006; Bishop et al. 2014; O’Leary et al. 2017) and the high incidence of non-responders (Gurd et al. 2016;
Astorino et al. 2018) may be related to the fact that the acute physiological response to a training session (and
the likely forthcoming adaptions) is determined by a wide range of variables and, subsequently, a myriad of
metabolic and neuromuscular subsystems is affected simultaneously (Buchheit and Laursen 2014). Thus, since
the coordination and network interactions among such subsystems is a hallmark of physiologic state and
function (Ivanov et al. 2016) and given that changes in cardiorespiratory coordination might be specific for each
training intervention, the use of cardiorespiratory coordination alongside other performance parameters could
help to precisely analyse physiological adaptations after different CONT and HIIT interventions, and may assist
coaches with selection of the most appropriate training session to apply. However, further research is required
to elucidate the effects of different HIIT (e.g., short or long intervals) and CONT protocols on cardiorespiratory

coordination.

From a practical point of view, the evaluation of cardiorespiratory coordination together with commonly
registered maximal performance and cardiorespiratory variables, could assist in the assessment of different
training interventions on health and fitness, and improve the interpretation of cardiorespiratory exercise testing.
Since cardiorespiratory coordination could be more sensitive to training than Winay, VOamay, 0 lactate turnpoint,
the tracking of changes in cardiorespiratory coordination may offer an alternative approach to the assessment
of variability (Bonafiglia et al. 2016) and ‘non-responders’ to exercise training programmes (Gurd et al. 2016;
Astorino et al. 2018). Participants reporting no improvement in quantitative aerobic parameters in previous

studies could indeed have qualitatively increased their degree of cardiorespiratory coordination after the training
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period. Furthermore, cardiorespiratory coordination may also contribute to the early detection and, furthermore,
to the implementation of preventative programs on fatigue effects induced by exercise at different time-scales
(Noon et al. 2015). Symptoms derived from overreaching states or overtraining syndromes may result from a
deficient and poor coupling between or amongst the different physiological subsystems involved (Kreher 2016)
and common physiological tests are inadequate for their detection (Meeusen et al. 2012).

Our results should be discussed in the light of some methodological limitations. First, when comparing
PC, eigenvalues or the loadings of physiological variables between groups, no significant differences were
found, neither below nor above the lactate turnpoint. A logical explanation stems from the fact that
cardiorespiratory coordination is an intra-subject measure (Cysarz 2004) and its performance is not
methodologically adequate between groups, since it tracks the nearness of an individual to the optimal
cardiorespiratory coordination level (a participant could, subsequently, show low levels of cardiorespiratory
coordination despite achieving high athletic performances). Second, the study design does not consider the
accurate moment in which the PC changes for each one of the participants, which could lead to the establishment
of patterns of cardiorespiratory coordination and would help to better capture the general picture of change
across the continuum of exercise intensity. The intention was nonetheless to compare the improvements at the
level of organic coordination (i.e., cardiorespiratory coordination) between training interventions.

V. Conclusion

In conclusion, 6 weeks of CONT and HIIT showed different patterns of change on cardiorespiratory
coordination, despite improving markers of aerobic fitness to a similar extent. Therefore, changes in
cardiorespiratory coordination may be specific for each training intervention and its evaluation appears as a
sensitive tool to investigate the individual cardiorespiratory response to exercise training, alongside traditional

measures of aerobic fitness.

vi. Practical Implications
e The evaluation of cardiorespiratory coordination alongside commonly registered maximal performance
and cardiorespiratory variables, may improve the interpretation of cardiorespiratory exercise testing.

e The evaluation of cardiorespiratory coordination could help to precisely analyse specific physiological



11
adaptations after different training interventions, and may assist coaches with selection of the most
appropriate training session to apply.

e Cardiorespiratory coordination assessment may contribute to prevention and early detection of exercise-
induced fatigue effects, and might offer an alternative approach to the assessment of variability and
‘non-responders’ to exercise training programmes across a range of populations.
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Figure 2. Example (HIIT) of the creation of time-series of coordination variables,
expressed through PCs from cardiorespiratory variables in pre and post-training tests. This
figure represents a decrease in the number of PCs (from 2 to 1) after LT post-training. Top
Graphs: Time-series of four cardiorespiratory variables corresponding to pre and post-training
tests. Bottom Graphs: Time-series of the PC scores for pre and post-training tests, with
standardized z-values in the space spanned by PCs. Following PC-based dimension reduction,
the initial four time-series lead into two time-series (pre-training: before and after LT; post-
training: before LT) or one time series (post-training: after LT). The average trend is calculated

by weighted least squares method and graphically plotted in the black and grey lines shown.
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Figure 1. Example (CONT) of the creation of time-series of coordination variables,
expressed through PCs from cardiorespiratory variables in pre and post-training tests. This figure
represents a decrease in the number of PCs (from 2 to 1) before and after LTP post-training. Top
Graphs: Time-series of four cardiorespiratory variables corresponding to pre and post-training
tests. Bottom Graphs: Time-series of the PC scores for pre and post-training tests, with
standardized z-values in the space spanned by PCs. Following PC-based dimension reduction, the
initial four time-series lead into two time-series or one-time series in pre-training and post-
training, respectively. The average trend is calculated by weighted least squares method and
graphically plotted in the black and grey lines shown, whereas the red line corresponds to the
occurrence of LTP. Data points along the axis of abscissae represent the number of measurements

registered throughout the test.
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