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Abstract

Introduction: Oxygen consumption duringglonged cycling exercise has been extensively
studied at different work rates and durations, but with the focus primarily on pulmonary
oxygen consumption (pVA) The purpose of this study was to use asfared spectroscopy
(NIRS) to investigate the raionship between pV{and local oxygenation responses in six
active leg muscles during prolonged constaatl cycling at different intensitiesethods:

26 recreational male cyclists performed a condtzad highintensity cycling test at 75%
maximal aeobic power (MAP) for 30 min duration or until exhaustion. Of the 26 subjects, 14
performed a constaibad lowintensity cycling test for the same duration as well, at 50% of
the work rate found to elicit blood lactate levels of 4 nfiffdlring incremental exercise.
Pulmonary gas exchange (p¥@®RER, k), heart rate, and NIRS measurements of the
muscles vastus lateralis (VL), vastus medialis (VM), biceps femoris (BF), gluteus maximus
(GMax), gastrocnemius lateralis (GL), and tibialigeatior (TA) were obtained continuously
through both tests, while blood lactate and RPE was measured at specific time intervals.
Results: Local oxygenation measurement for all the muscles collectively belmaaesimilar
manner apVO; at both intensitiesvith an increase in Qutilization only found in the initial
phase, and additionally showed a surprisingly homogenous response. However, differences
were found between the muscle groups with heterogeneity in regard to the amount of
desaturation at lonand highrintensity.Discussion:Although the local responses were

similar to each other and that of py,@ifferences were found between the muscles with
heterogeneity in regard to the amount of saturation. The distal muscles TA and GL showed
less differencén saturation between lewmtensity and highntensity than the more proximal
muscles (VL, VM, BF, and GMax). Also the BF and GMax muscles were found to behave
different with a lack of TSI steaestate during higlintensity.Conclusion: The use of NIRS
might provide a noninvasive and direct way of measuring local oxygenation responses in
muscles and provide an indication of the work contribution of various muscles during cycling
exercise. Although local oxygenation responses across the muscles weremeaqgnaith

pVO,, difference in amount of saturation was found between muscle groups in the present
study. Also peripheral differences were found between the subjects able to comyphete 30

constardoad highintensity cycling and those who did not.

Key words: Nearinfrared spectroscopy, NIRS, cycling, constirad, VO, local

oxygenation, tissue saturation, Sgp@uscle, muscle groups.



Preface

The data collection for this master thesis was part of a more comprehensive research project at
the departmeraf Human Movement Science NTNU, on the ongoing debate concerning
efficiency of the whole body as opposed to the active skeletal muscle. A group of subjects (n

= 40) were to be followed through a specific training period of 4 months witlapdepost

testing of physiological measures both at a whHwodely and local scale to investigate the

possible effect of an assigned training program. Additional physiological and performance
measurements will be included in the main research project, such as cyclirmeyiic

inverse dynamics, cadence, and mV@hen the data for the present study was collected,

during the predesting period, the cyclists were in-@#ason with little or none sport specific

training during the last months.
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1. Introduction

Human skeletal muscle is highly dependent upon oxidative metabolism, and the oxygen
consumption (V@ may increase up to 50 fold during exerdidamaoka et al., 2007The
measurement of whole body Y®y means of measuring pulmonary gas exchange has
become an ¢ablished method for studying energy expenditure in the field of both sports
science and medicine, and has a long history in literature. During celustdmdycling, pvQ
is repeatedly found to achieve a steathte condition within the first minutes etercise,
where the time to steaghtate and rate of increase is dependent on the int€éhaityer et al.,
2006. Although we have required extensive knowledge of pulmonago@sumption

(pVOy) to various activities ahintensities, less is known about the oxygen responses on a
more local level. The known heterogeneity of muscle recruitment during cycling, both in
terms to various intensiti€Bini and Diefenthaeler, 201&ricson, 1988 as well as with
duration of constaribad cycling(Dorel et al., 2009Sanderson and Black, 2008oupled
with the frequently reported p\\Qteadystate at sudnaximal intensities is an interesting

topic.

The manner of how pV&develops duringhe early transition phase of constéoad
cycling, and whether it reaches steadgte or not, is highly dependent on exercise intensity
(Turner et al., 2006 Following the onset of exercise, or a work rate (WR)anent, pvVQ
cannot increase immediately to the steathie value. Consequently, the active muscles are
forced to work with oxygen deficit during this transition period, and the energy demand has to
be met partially from other sources (e.g.stores in tk body, stores of muscle
phosphocreatine (PCr), and minor amounts converted from lactate prod(xticar)d
Rhodes, 1999 When the oxygen supply is insufficient, the generation of ATP has to rely on
anaerobic glycolysis. This results in the formation of lactate, which seems to play a central
role in the pVQresponse. At higher peer outputs, typically above lactate threshold, pvVO
either reaches a delayed steathte above that predicted from lower power outputs, or
continues to increase until the end of exer@i@eand Rhodes, 1999This latter effect has
been called the slow component of Mnetics by Whipp and Wasserman (1972), and
numerous studidsave demonstrated it to be closely linked with blood lactat€])[lexels
(Hagberg et al., 1978 urner etal., 2006 Whipp and Wasserman, 19721 and Rhodes,

1999.

When exercise is performed at work rabesow the lactate threshold ().Ti.e. onset
of increased anaerobic glycoly¢Beaver et al., 1985and thus a measurable increase of
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blood lactate levels), steadyate pVQ levels are reached within 3 minu{@single et al.,

2003 Stringer et al., 1994Turner et al., 2006 During heavier exercise, with WR above LT,

the rate of lactate production initially exceeds the rate of clearance. However, as long as the
WR is below the maximal lactate steastate (MLSS) (i.e. the higest work rate that can be
maintained over time without a continual accumulation of blood la(dltat et al., 2003)),

the lactate level can once again be stabilized at a new but elevated level. This enables a
steadystate pVQ during heavy exercise as well, but at a greater @l than that

predicated from the relationship between WR and pi#®ing moderate exeise(Pringle et

al., 2003 Turner et al., 2006Xu and Rlodes, 1999 When WR is above MLSS, p\W@an no
longer be stabilized, and continues to increase until the point of fékgugle et al., 2003

Turner et al., 2006Xu and Rhodes, 1999The pVQ responses to exercise intensity can then
roughly be divided into three domains, which all can be related toTlth€l) moderate

exercise where WR < LT, (2) heavy exercise, i.e. LT < WR < MLSS, and (3) severe exercise
(i.e. MLSS < WR)(Xu and Rhodes, 1999

Although numerous studies have demonstrated a high correlation between the
magnitude of the pV&slow component and blood lactate le@ginger et al., 1994Turner
et al., 2008, there is, however, no proof to indicate the cause and effect relationship between
the two variables. Despite thdO, kinetics have been extensively studied since the first
report of the exponential nature of gas exchange responses during ctoztaxercise
almost a century ago, the question regarding the mechanism(s) controlling the rate of the
pVO; responsesemains unanswerdu and Rhodes, 19920ladz and Korzeniewski,
200]). A number of possible factors have b@eoposed to play a role, such as increased
muscle temperatur@lacDougall et al., 1974oga et al., 199y lactate and Haccumulation
(Stringer et al., 1994 and activation of additional muscle groups and recruitment of less
efficient type Il fibregKrustrup et al., 2004Pringle et al., 2003 In addition, it has been
suggested that the increase in pulmonary oxygen uptake could simply reflect an increase in
the cost of ventilatin, cardiac output and posture relative to the external power delivered.
However, Poole et al. (1991) demonstrated that 86% of the additional increase,iofih®©
slow component, seen between 3 and 21 minutes of cofssatitigh-intensity exercise, v&a
attributable to the exercising legs. Hence, a lot of information that could help explain this

phenomenon is likely located locally within the active muscles

The response of pVQluring incremental exercise is believed to have a linear

relationship withwork rate up to near maximal aerobic power production (M&&ema et
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al., 2009 Ettema and Loras, 2008oladz and Korzeniewski, 20p1Unpublished data from a
recent study at the department of Human Movement Science NTNU found during an
incremental cycling protocol that while p¥Ghowed a linear relatiohg with WR, as
expected, muscle oxygen consumption (my/@ the vastus lateralis and vastus medialis
muscles did not. Both muscles shoveedexponential rise of mVias a function of WR with

a fast initial increase at lower intensities followed by agalatat the higher intensities. A
nonlinear increase in m\/®f the main muscles involved in cycling suggests increased
involvement of additional muscles during higher intensity. This is supported by findings of
other studies using MRReid et al., 2001Endo et al., 2004 EMG (Dorel et al., 2009

Ericson, 1988 PET(BojsenrMoller et al., 201} and joint moment&Bini and Diefenthaeler,
2010 as well. Similar findings have also been reported during prolonged cycling as part of
the fatiguing progresorel et al., 2009Sanderson and Black, 2003uggesting that the
same coping strategy exists during consteadl cycling. If the recruitment of additional
muscle groups is, at least, parthsponsible for the linear relationship during incremental
exercise between p\M@and WR at higher intensities, this could also be a major contributing
factor to the pV@slow component at higher constdoad intensities in representing a coping
strategy agatigue occurs, to prevent fatigue fraocurring in the main power producer

musclesor simply to add to the power production already delivered.

Even though local measurements related to local muscle activity (e.g. MRI, EMG,
PET, and joint moments) habeen available and applied in several studies, direct
measurement of muscle oxygen consumption is complicated. Regional measurements of
oxygen consumption is possible based on the Fick equation (ize= ¥food flowJa
vO.diff). However, this method hdseen used less frequently due to its invasive nature (blood
samples), and the fact that application during exercise is cumbersomanfsrad
spectroscopy (NIRS) is a measuring method that allows us-swasive, continuous, and
direct measurement tdcal oxygenation changes, and with the use of an arterial occlusion
also carprovide us with a quantitative value for local my)Specifically, in the field of
sports science the advantage of providing a more local measurement together with the easy
applcation of the method during exercise can be a major advantage to study muscular

response to different activities and physiological stress

Nearinfrared spectroscopy (NIRS) is a nimvasive optical method that utilizes the
capability of light in the neainfrared (NIR) region to penetrate skin and reach deeper

structure such as muscle tissue. The NIR light, in the region efc6850nm (depending on
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the equipment used) wavelength, is absorbed by chromophores such as hemoglobin, water,
and lipids(Wolf et al., 2007. As the absorption of hemoglobin (Hb) differs between
oxyhemoglobin (GHb) and deoxyhemoglobin (HHb), the use of witferent but specifically
chosen wavelengths enables us to differentiate between changes in optical density of O
and HHb. With the application of a modified LambB#ger law, it is then possible to calculate
the concentration changes inHb, HHb, andotal hemoglobin (tHb) (i.e. the sum ogldb

and HHb)(Ferrari et al., 1997 By using two or three additional channels at small measuring
distance from each other, it is also possible to get a continuous and quantitative measure of
tissue saturatiofiGerovasili et al., 2000 The use of a simple maneuver, adleocclusion

(AO), also enables the calculation of a quantitative value for sr(BGushel et al., 20Q1
Gerovasili et al., 2010 Inflating a pneumatic cuff around a limb above systolic pressure is
thought to achieve a temporary blockade of blood flow (inflow and outflow) within the limb.
With no blood flow, the linear decrease igHD or Hhyi (i.e. the dfference between £ib

and HHb) can be used to calculate a quantitative measure of (mM/@/min). This

technique has been evaluatediivowith good reproducibilityvan Beekvelt et al., 2001b

Although NIRS is not yet widely used in exercise physiology studies, the
measurement method has been used to studglttenship between local oxygenation and
the slow compnent ofpVO,. Belardinelli et al. (19989 found a high correlation between the
magnitude of the slow component of p¥&hd the amount of decreasedgHb saturation in
thevastus lateralisnuscleduring several constafdad work rates. In addition, Grass al.
(1999) found a significant correlation between the onset of lactate accumulation and onset of
muscle deoxygenation in the vastus lateralis muscle during incremental cycling. To our
knowledge, local oxygenation responses have yet to be investigatsleral muscles
simultaneously duringrolongedconstardioad cycling.While only one study has applied
NIRS in investigating multiple muscles and muscle groups during incremental cycling
(Takagi et al., 2013 studies applying NIRS during constdoéd cycling(Grassi et al., 1999
Belardinelli et al., 1995khave only investigated parts of the quadriceps muscle. In addition,
the mentioned studs have merely presented saturation measurements without the raw

signals, which may exclude valuable information about e.g. blood volume changes.

The purpose of this study was, therefore, to investigate the relationship between whole
body pulmonary @consimption and muscle oxygenation during prolonged consbaait
cycling at low intensity (below LT) and at high intensity (well above LT). In addition, to

study the possible effects alteredmuscle recruitment during prolonged cycling exercise,
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NIRS was ued to simultaneously measure local oxygenation responses in six active leg

muscles



2. Methods

2.1 Subjects

26 male recreational cyclists participated in the study. All subjects were recruited through
several cycling clubs in Norway, and had both cycérgerience and competing in various
recreational races as goal for the next bicycle season. The mean age (SD, range) was 38.6
years (x 7.0, 28 48), height 182.5 cm (+ 5.6, 173.295.1), and weight at onset of the first
day of testing 83.1 kg (x 6.0, 73 103.2). We were given permission to conduct the study
by the local ethics committee and all subjects signed an informed written consent before

participating in the study.

2.2 Study Design

All subjects performed two incremental tests and a conkiathtcycling test at higintensity.

Of the 26 subjects, 14 did a second consitzad cycling test at lovintensity as well. Testing
occurred on 2 or 3 separate days in atairditioned lab with room temperature of28°C,

with no more than seven daysween the first and last day of testing. Information about

height and age were measured on the first day of testing, while weight was measured at each
testing day. All subjects were told to avoid hard (> 87% maximum HR) and long exercise

(>2h) the last dabefore testing.

Day 1 consisted of two ramp protocols (Fig. 1) to determine the lactate threshold (LT)
and maximal aerobic power (MAP), which was used to calculate the intensities for day 2 and
3. Blood lactate measurements (]).avere used to determinke LT during the first
incremental test. Sinceour@ll test was to be of a WR wel
LT was of less interest, and a WR eliciting a blood lactate level of 4 Hing@IBLA) was
taken as WRBsLa and used in the intensity calculation. Day 2 consisted of 30 min constant
load lowintensity cycling (CLLI) at 50% WRysLa, While day 3 consisted of 30 min
constamtoad highintensity cycling (CEHI) at 75% MAP.

2.3 Experimental Protocol
A schematic representation of the protocols for the tests on day 1 and 2/3, including the

various methods and the specific time points, is shown in respectively Fig. 1 and 2.
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2.3.1 Incremental Cycling Tests (Day 1)
Day 1 consisted of two imemental tests with intermittent measurements of| [rad rating of

perceived exertion (RPE), and continuous measurement of pulmonary oxygen uptake (pVO
and heart rate (HR).

The first test started with a lactate measurement at rest, followed by loaded
cycling. After which, the WR was set at 100 W and increased by 25 W/4min until a lactate
value above OBLA (4 mmal') was reached. [Lhand RPE measurements were collected
immediately after each increment. In between the tests, the subjecisllaerr a maximum
of 5 min cycling at freely chosen WR and a drink of water. TH@2remental test started at
a WR 50 W lower than W&, and increments of 25 W/min was given until the subject
reached voluntarily exhaustion. MAP was taken as the Higlek rate sustained for a full

minute. If the subject sustained an additional work rate for 30 seconds, half the increment (i.e.
12.5 W) was added to the MAP.

RPE was collected together with a [uameasurement at the end of exercise to verify
that thecriteria for achieved maximum pM@pVO2nay had been met. Both tests were
performed at freely chosen cadence (FCC).

400

350

of 2nd test

300

< Lactate + RPE

N WRoeLA
250

< Lactate + RPE

< 25 W increments

< Lactate + RPE

200

[<- Lactate + RPE

< Lactate + RPE

/M 1 min step duration

Work Rate (Watt)

< Lactate + RPE

150

<= Lactate + RPE
< Lactate + RPE

Wi
100 < 25 Wincrements

max 5 min in
between tests

< Lactate + RPE

? 4 min step duration

< Lactate

unloaded

Heart Rate

pVO2

0 4 8 12 16 20 24 28 32 37 38 39 40 41 42 43 44
Time (min)

Figure 1: Schematic representation of both incremental tE€ls= freely chosenRPE = rating of perceived
exertion, WR = work rataVRog o = work rate that elicited blood lactate level of 4 ml:ﬁblpVOZ = pulmonary
oxygen uptake. Heart rate and pM®ere measured continuously throughout the test. The test started with a
lactate measurement, followed by 4 min unloaded pedaling. Next work rate (WR) was s&/aah@Gollowed
by 25W/4min incements until a blood lactate level of mnolD* (OBLA) was reached. Lactate measurements

were taken immediately after each increment. After <5min active rest, the WR was sggatiVBBRW, and
increased by 25V/min until voluntarily exhaustio
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2.3.2 Constant-Load Low-Intensity Cycling Test (Day 2)
Day 2 consisted of a 3@in constantoad cycling test at a WR of 50% WR  at FCC (Fig.

2). Because of the low intensity of the test itself, no wapmvas considered necessary.

Concentration changes ofuscle oxygenation were collected continuously with the
NIRS apparatus. In order to calculate quantitative measurements of (im\é&ll the muscles
except GMax) in analysis, the subjects were exposed to 10 arterial occlusions (AO) during
exercise. The AOs &re applied for 20 sec periods, at the end of every 1 min during the first 5
min, followed by every 5 min until the end of the test. Coupled with these occlusions, a blood
sample was collected immediately after each i@ddition to a baseline measurertngmor
to the testand analyzed for [Lalevels. Also, RPE was collected every 5 min throughout.

Gas exchange and HR measurements were measured continuously throughout the test,
except from 1 min breaks every 5 min from tfenGinute where the subjectvere allowed

drink of wate:.
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Figure 2: Schematic representation of ttenstantload lowintensity (CL-LI) test. AO = arterial occlusion,

RPE = ratings of perceived exertion, p¥©pulmonary oxygen uptake, NIR®iearinfrared spectroscopy

CAD = cadace, WRg 4 = work rate eliciting blood lactate levels of 4 mrdl NIRS, HR, pV@® and CAD

were measured continuously throughout the test. The test started with a lactate measurement at rest, and WR
was then set at 50% WRaand remained constant through the entire test. An AO was applied every min during
the first5 min, with AQ 40 sec after start of test. Further 5 AOs was applied every 5 minutes thereafter, each
AO lasting 20 sec. A lactate measurement was coupled with each AO, and taken immediately after deflation of
the cuff. RPE was taken every 5 min throughbe test

12



2.3.3 Constant-Load High-Intensity Cycling Test (Day 3)

Day 3 consisted of a 3fin constantoad cycling test at a WR of 75% MAP at FCC with
identical protocol as Day 2 (Fig. 2) apart from the work rate anthan®warmup period. The
subjecs performed &nin warmup cycling at 50% WRBs_a (intensity from Day 2) where the

WR was gradually increased during the last 20 seconds to enable a correct WR at the start of
the highintensity test. A lactate measurement was taken at the end ofwpaimaddition to

the measurements at baseline and during the test.

If the subjects were not able to complete a fulhd@ cycling at 75% MAP before
voluntarily exhaustion, the tir®-taskfailure (TTF) was registered.

2.4 Measurements

All participants cycledn a cycle ergometer with a computantrolled electranagnetic

brake mechanism (Velotron, Racermate inc, Washington, USA), which generates a constant
power condition, independent of cadence. The seat and handlebar position were adjusted
accordingtothe ubj ect 6 s i ndividual preference at th
wore their own cycling shoes, and had to remain seated during cycling. All tests were done at
FCC, with pedal rate measured contimpimgpousl y b

frequency of 33.3 Hz).

Gas exchange values were measured continuously byoingeit indirect calorimetry
using an Oxycon Pro apparatus (Jaeger GmbH, Hoechberg, Germany), with a sampling
frequency of 0.1 Hz. At the beginning of each experimentaay,more often when needed,
the VO, and VCQ gas analyzers were calibrated using Fpgécision gases (15.00% @nd
5.85% CQ, RiessneilGase GmbH & Co, Liechtenfels, Germany). The flow meter was
calibrated with a 3 L volume syringe (Hans Rudolph Incndés City, MO). Heart rate (HR)
was measured continuously with a sampling rate of 0.2 Hz, using a heart rate monitor (Polar
RS800, Polar Electro OY, Kempele, Finland).

Lactate measurements were measured using blood samples taken from the tip of the
middleand/or ring finger of the left hand at baseline and during exercise. Using 20 pl
capillaries, blood was collected and analyzed immediately (Biosen Lactate, EKF Industrial
Electronics, Magdeburd, Germany). The lactate measurement device was calibraté@ every

min using a 12 mmdi* standard.
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The RPE was measured with a revised Borg scale (see appendix I) during cycling
together with lactate measurements, except during the first 5 minutes of cémestiacycling.
The subjects were asked to rate their wihady stress during the last WR period on a scale
from 6 (= resting on a bed) to 2 ma x i (Boagl 1882.

2.4.1 Near-Infrared Spectroscopy (NIRS)

To measure the local changes in muscle oxygenation and tissue saturation (TSI), continuous
NIRS measurements were done on the muscles vastus lateralis (VL), vastus medialis (VM),
gluteus maximus (GMax), gastrocnemius lateralis (GL), ltshanterior (TA), and biceps

femoris (BF) of the right leg. The specific muscles were chosen for their known involvement
in cycling and previous appearances in literature. A contiru@y® neaiinfrared
spectrophotometer (Oxymon MKIII, Artinis Medical 8gms, the Netherlands) with a

sampling frequency of 50 Hz, wavelengths of 766 and 856 nanometer, and adstecter
distance of 31, 35, and 39 mm was used on BF and VL. In addition, four wireless NIRS
devices (Portamon, Artinis Medical Systems, thehlgands) (sampling frequency of 10 Hz,
wavelengths of 761 and 845 nm, source detector distance 30,35, and 40 mm) were used on the

remaining muscles. Changes in oxygenation were measured continuously during all tests.

It is not possible to differentiateetween hemoglobin (Hb) and myoglobin (Mb), as
their absorption spectra overlépoushel et al., 20QFerrariet al., 2011Hamaoka et al.,
2007, van Beekvelt et al., 200).&However, as the focus of this study is on oxygen
consumption, and not wheghit came from Hb or MB, this is less relevant and the sum of the

two will be presented as Hb in this paper.

All of the NIRS optodes were positioned on the bulk of the muscle parallel to the
muscle fibre length, according to the SENIAM guidelines for E84@Gsor placement. Some
exceptions were made for BF and VL. The pneumatic cuff was placed as proximal as possible
on the right leg, but for some of the shorter subjects the cuff would be placed too far down for
an ideal placement on BF, and in some cages ¥L. In these cases, the optodes were placed
perpendicular to the muscle length and as close to the bulk as possible. The subjects were
shaved at the site of optode placements, and the placements were marked with a pen to control
that the optodes had thmoved during the testing, as well as to ensure the same optode

placement in those subjects who cycled both constandttests.

Skinfold thickness was measured on all the subjects by skinfold caliper measurements
(Holtain Tanner/Whitehouse skinfold cadip Holtain Ltd, Crymych, Wales) at the sites of

14



NIRS optode placement, and compared in later analysis. The average of two caliper
measurements divided by 2 was taken as the adipose tissue thickness thickness (ATT). Thigh

and calf circumference was alsoasared at height of the NIRS optodes.

In order to be able to calculate muscle oxygen consumption ghne@erial
occlusions were applied at regular time intervals (at min&&-4-5-10-15-20-25-30) during
both constantoad protocols, using a pneumatiaff that was rapidly inflated/deflated with an
automatic inflation system (Hokanson E20 Rapid Cuff inflator + Hokansod @IGAIr
Source, Marcom Medical ApS, Denmark) set to a pressure of 300 mmHg. The initial goal was
to include the quantitative measurems of mVQ as well in this thesis, but due to the limited
time span, mV@will not be presented in this paper, and the focus will rather be on the

muscle oxygenation.

2.5 Data Analysis
Data analysis, filtering, and statistics were carried out in Mafl&hQ.347, The MathWorks
Inc.), Microsoft Excel 2010, and SPSS (20.0, IBM Corp) for Windows.

2.5.1 Maximum / Peak Values

Peak heart rate (HRw, pPVOumax and MAP were collected from the second incremental test
on day 1. HR.akand pVQmaxWere calculateds the average of the last 30 seconds of the
MAP test, where pV@haxwas reached when 4 out of 5 criteria for pQwere met (HBeax

> 90%[220i age (years)], RPE > 18, [J& 8 mmolD*, RER > 1.10, plateau in p\@i.e. no

further increase in pV&despite increase in WR)). MAP was calculated as the highest
completed WR over 60 seconds. If an additional WR was sustained for full 30 seedfds,

was added to the MAP value.

2.5.2 Mean Values

For analysis purposes, mean values of HR, pulmonary gasege, and NIRS cycling were
calculated from the continuous measurements from the cotssahtycling tests to represent
specific time points. For the first 5 minutes, averages for pulmonarliBnmdeasurements

were taken from the last 30 seconds irheamute while NIRS concentration changes were
taken from the last 10 seconds just prior to each occlusion. For the remainder of the test, 60
seconds averages were calculated for pulmonary and NIRS from the last minute prior to
occlusion. HR average wasllistalculated from 30 second periods, and from one minute

earlier than pV@and NIRS to avoid any effect of the anticipation of an occlusion on the
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heart rate data (subjects were alerted to the upcoming AD 3@conds prior to the

inflation).

In orderto remove the artifacts resulting from the rhythmic contractions and relaxation
of the muscles during cycling, all NIRS data were filtered using an eggt#r lowpass
Butterworth filter (10 Hz, zertag). To normalize the concentration changes, alllimese
concentrations measured for 30 seconds prior to the tests were subtracted from all the NIRS
measurements (except TSI). Hence, baseline was set to zero and the values for the remainder
of time points during constatdadcycling are relative changes the baseline concentration.

2.6 Statistical Analysis

All statistical analyses were computed using IBM SPSS Statistics 20.0-%anANOVA

was used to assess possible differences in baseline measurements between the participants
that completed both GLI and CL:HI (group 1) and those who completed only-BL(group

2), as well as between those who completech80CL-HI (G30) and those who did not

(G<30). The same analysis was used to assess possible differences in ATT between the sites
of the muscles fddwed by poshoc analysisld u n n e t for Gnequadl \Bariances) if a

significant difference was found. When the assumption of normality was violated, the non
parametric KruskalVallis test was used. To investigate whether the blood lactate level at the
endof CL-HI was of similar level between G30 and G<30, a-magy ANOVA was also used

o n t h'ecalalptéddrom the end hightensity lactate value and the maximum achieved

lactate value from day 1.

A two-way ANOVA for repeated measures was used fougrbto examine the
effects of intensity (CLLI vs. CL-HI) and time on the various variables p¥®¢, RER,
blood lactate, HR, and the concentration changesldbCHHb, tHb, and TSI for the 6
investigated muscles. The significance level was set at&@5f the assumption of
sphericity was violated, significance was adjusted using the GreerGeisser method.
When significant differences were found, wittsabject contrasts were used to assess
differences between time points. Due to the fact thaalhof the subjects were able to
sustain more than 15 minutes of the-BLtest, only the first 15 minutes of the constboad

tests were investigated in this analysis to include as many subjects as possible.

A threeway ANOVA was then carried out in tlsame way for the same variables to
test whether the 0 15 min response found durii@_-LI and CL-HI in group 1was the same

between G30 and G<30. When no significant difference between the two groups was found,
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G30was used in an additional tweay repeted-measures analysis including time points for
the 20", 25", and 36' minute. This was done to investigate whether we could find any

different response between the intensities in the second half of the teq156in).

A final two-way ANOVA was usd to test whether the response du@igHI
was similar in group 1 and Zhis way, it would be possible to increase the group siz€lfer

HI, and especially for analysis of the second half of the tegt 805min).
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3. Results

In total, 26 subjects (n 26) performed the GHI test, of which 14 subjects (n = 14)

performed CLELI as well. All participants fulfilled 4 out of 5 criteria set for achieved p¥&

during the MAP test on day 1. The subject characteristics are presented in table 1. There was
no sgnificant difference when comparing the subjects of group 1 and group 2 (tested
variables: age, weight, height, p¥idx HRyeax maximum lactate value, MAP, WR 4, thigh

and calf circumference, and skinfold thickness).

All subjects in group 1 complede803-min cycling at lowintensity (n = 14), while only
a total of 10 (n = 10) from a pool of 26 subjects completed the futiBCcycling at high
intensity. The number of subjects in each finishing category as well as the average finishing
time is preserd in table 2. Factors thought to affect endurance performance are presented for
G30 and G<30 in table 3. No significant difference in the variablespM®naximum
achieved lactate, MAP, W48 A, WRogLA iN percentage of MAP, ATT, or circumference was
found when comparing G30 and G<30 (neither for the entire pool of subjects nor for group 1

and 2 in separated analysis).

Significant difference in ATT was found between the muscle sites (p < 0.001), where
posthoc analysis revealed the ATT of TA and GMaxnigesignificantly lower and higher
(respectively) than all the remaining muscles (p = 0i100@01), except from the difference
between TA and VL (p = 0.065).
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Table 1: Subject characteristics

LI(GR1)  HI(GR1)

HI (GR 2)

n
Age (years)

Weight (kg)

Height (cm)

PVO2max (MIBg ™ dnin™)
HRpeak (bpm)

Maximum Lactate Value
(mmoldY)

MAP (W)

WRogLA (W)

WR (W)

14
40.0 (5.7 32i 48)
82.9 (7.6, 73.7 103.2)
182.3 (4.6, 173.2 189.5)
52.6 (6.3, 35.9 60.3)
185.1 (100, 165i 203)

12.57 (2.32, 8.1 16.8)

364.3 (30.9, 300.D 412.5)
230.5 (23.6, 196 270)
115.4 (11.9, 273.6 (22.6,
1007 135) 2257 310)

12
37.1 (8.0, 23 47)
83.2 (3.1, 78.1 89.2)
182.8 (6.5, 174.8 195.1)
55.6 (4.9, 44.6 63.2)
184.3 (10.0, 172 202)

12.61 (2.38, 8.7 15.8)

378.1 (19.2, 337.6412.5)
239.1 (31.8, 176 282)
283.3 (13.9, 255 310)

ATT (Right VL) (mm)
ATT (Right VM) (mm)
ATT (Right BF) (mm)
ATT (Right GMax) (mm)
ATT (Right GL) (mm)
ATT (Right TA) (mm)
CF (Right thigh) (cm)
CF (Right calf) (cm)

5.1(2.3,3.3 11.5)
6.0 (2.0, 3.7 9.5)
3.4 (1.1, 2.0 6.3)
9.7 (2.7, 4.9 15.3)
5.3 (1.7,2.9 9.6)
3.8 (1.1, 2.3 5.5)
57.1 (2.4, 53.5 60.3)
39.7 (5.3, 33.5 57.0)

5.1 (1.6, 2.9 8.6)
5.9 (1.5, 3.0 8.6)
3.9 (17, 1.9i 8.0)
10.9 (3.5, 4.9 19.5)
6.0 (1.7,3.9 9.0)
3.9 (1.0, 2.5 6.5)
57.1 (2.9, 54.G 64.0)
38.6 (1.3, 35.7 41.0)

Mean (SD, range) for subject characteristip¥O,ax=maximum whole body oxygen uptake, HR = heart rate,

MAP = maximal aerobic poweklVRog o= Work rate elciting blood lactate level of 4mmol/lobtained on day

1, WR=work rate ATT = adipose tissue thickness, VL = vastus lateralis, VM = vastus medialis, BF = biceps

femoris, GMax = gluteus maximus, GL = gastrocnemius lateralis, TA = tibialis anterior, CF = ciecente
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Table 2: Finishing time

15min 20min 25min 30min TTF (min)
GR1 LI n=14 n=14 n=14 n=14 30.0 (0.0)
GR1 HI: n=14 n=9 n==6 n==6 22.9 (6.5)
GR2 HI: n=12 n=10 n==6 n=4 24.2 (4.9)
Total LI: n=14 n=14 n=14 n=14 30.0 (0.0)
Total HI: n =26 n=19 n=12 n=10 23.5(5.8

Number of subjects within each finishing gram mean (SD) TTF (=timto-taskfailure) for each subject
group. GR1 = subjects who performed both {@md highintensity tests, GR2 = subjects who perfodroaly
high-intensity test, LI = low intensity, HI = high intensity, TTF = thoetaskfailure.

Table 3: Factors thought to affect performance

<30-min 30-min (n = 10)

Mean (SD) Min i Max Mean (SD) Min i Max
PVO2nax (MIRG DNin™) 534 (6.4) 35971603 550 (4.8 4491 63.2
Max La (mmold™) 13.03 (2.29) 8.7 i16.8 11.79(2.22) 8.1 i 158
MAP (W) 372.9 (24.7) 338 1 413  365.0(32.7) 300 7T 400
WRogLaA (W) 231.4 (25.8) 186 i 277  238.4(33.3) 176 1 282
WRogLA (YMAP) 62.1 (54) 4961684 653 (700 52271728
®elLa (IHmol 0.25 (2.15) -4.05iV 3.76 1.41 (2.58) -2.98i 4.09

Factors thought to affect performance within the two groups that did and did not complaia 80high

intensity cyclingeeL a = d infblboel lactate deeel between end MAP and end-higgnsitytestFor

abbreviations, see table 1

3.1 Whole Body (Systemic) Response

Individual pVQO, and [La] responses during GHI for both group 1 and are presented in

Fig. 4. After an initial increasi@ pVO,, no further increase after th8 finute was seen in

any of our subjects (n = 26), suggesting that the intensity of 75% MAP was below the MLSS
threshold. This is, however, in contrast with the increase of blood lactate levels in some of the
subjets. High levels and continuous increasélLaf] were present in several of the subjects
unable to complete 3fin cycling with the highest increase of lactate from th& dfinute to

finish beingd.2lmmold>. Never t hel ds §,i .TeHla]amkhkibRalendcin)
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was not significant different (p = 0.229) betw&eB0 and G<30nor was the pV@response
different between the two groups, as can be seen in Fig. 4A. No significant difference was
found in the response of neither blood lac{pte 0.454) nor pVQ(p = 0.226) between

group 1 and 2.

Fig. 5 shows the average responses for the systemic variables (whole body
measurements) measured in group 1 during both intensitiesimi@tsity cycling had a
significant different effect on pV&AF (1.80, 19.82) =29.17, p < 0.001)), HR (F (1.36, 17.61)
= 33.32), p <0.001), RER (F (2.24, 24.69) = 44.11, p < 0.001}, (E41.21, 10.87) = 65.28,

p < 0.001), and RPE (F (2, 26) = 15.85, p < 0.001) compared tmtensity, with both

higher overdlvalues and a more pronounced increase during the initial phase of exercise.
This indicates that the protocol we used produced results in accordance with what can be
expected of exercise of two substantially different intensities.

The difference in effe of the two intensities on p\\@esponse is mainly found in the
first 10 minutes of exercise, where contrasts analysis showed significant differences between
all time periods (p = 0.0000.014). Atboth CL-LI and CL-HI, pVO, shows a steep increase
from the £'to 2" min. However, while pvV@at CL-L| achieves steadgtate already at thé®
minute, pVQ at CL-HI continues to rise with a gentler curve until tfenGinute where
steadystate is achieved (but not represented in Fig. 5 until tHeriute) No further
differences were found between min 10 and min 15. In addition, investigating G30 (n = 6)
revealed no difference in p\i@esponse between the™&in and the 30 (p = 0.385i
0.730), suggesting that the steadgte acquired during the courdehe first 15 minutes was
maintained throughout the last 15 minutes of the test as well.

Differences in the responses of RER can also be found in the same initial phase as for
pVO,, with neither a difference in resportsetween CELI and CL-HI from the10" to 15"
minute (p = 0.378), nor after the minute in the sub analysis of the subjent&30(p =
0.500i 0.836), when the RER value was at stest#ije level. However, while both py¥@nd
RER reached steadfate at both intensiti¢s/ the 10" minute,Vg, HR, and [L4 continued

to increase at GHI also after the 10minute.

HR reaches steaebtate early durin@€L-LI, while it continues to increase during €L
HI, producing a significant different response from tf¢o12d" minute (p = 0.000 0.015),
and close to significant between thé"2@5" min (p = 0.064). The response during-EL

can be divided into two parts; (1) the initial response and (2) post 5 minutes of exercise, with
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the difference being the steepness of the curve. Tlimdeesponse is most likely related to

the known effect of prolonged exercise on riRasurement&nown as cardiac drift.

Subanalysis for 15 30 min was not possible fore\and [La], as the initial response
(07 15 min) was significant different betwe&30 and G<30. For [Lathis difference
displayed after the"5minute, with a much steeper curve betweénl® min and 16 15 min
in the latter group (see Fig. 5D)gdn the other hand, showed a more clearly different curve
between the two groups,tw the 6 subjectsr G30having a more concave curve with a steep
increase in the first 3 min followed by a more gentle increase, while the response in G<30 was
more linear during the full 15 min (see Fig. 5E). In other words, ventilation seems to match

the lactate responses with an inability of reaching a plateau in the <30 min group.
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Figure. 4: Group mean (D) and individual responses for (A) pulmonary oxygen uptake and (B) blood lactate
levels for both groups (n = 26) at constdaad highintensitycycling. Lines represent individual responses

(grey) and the average of the entire group (black). p¥@ulmonary oxygen uptakea = blood lactate
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Figure 5: Mean (£ SD) systemic responses for group 1 (i.e. subjects that cycled bo#mtbhighintensity) at
low-(open) and highintensity (filled). (A) pV@= pulmonary oxygen uptake, (B) HR = heart rate, (C) RER
=respiratory exchange ratio, (D) La = blood lactate, (E) ¥ ventilation,(F) RPE = rating of perceived
exertion, CLLI = constantload low-intensity, CEHI = constantload highintensity.14 subjects (n = 14) were
included to the left of the central vertical black line, while only the 6 subjdaiscompleted 3énin CL-HI are
represented to the right (n = 6). For La (D)g {E), and RPEK) the subjectsvho completed 3énin CL- HI are
represented by a separate line (grey, filled) as they showed signidii¢Ement response duringil15 min than
those who completed <30miAsterisksand hasthindicate the significant different responseveeen CELI and

CL-HI (* = p < 0.05, * = p < 0.01, # = p < 0.00).

3.2 Local Muscle Oxygenation Response

The unfilteed continuous NIRS signal of VL for one subject duringl@land CL-HI is

presented in Fig. 6. During hightensity, HHb and gHb deviateclearly in the initial phase

after the warrrup and remains respectively above and below baseline throughout the test. The

23



spikes visible for the HHb/gib signals are a result of the occlusions and can be applied in
the calculation of mV@ The mean concémation changes of all the measured muscles for
group 1 are presented in Fig. 7. No difference in the response between the 8 suGje8

and those & G30was found during the first 15 minutes of cycling in VL, VM, GMax, GL,
and TA. However, a signdant difference was found in the response gfil®and tHb in BF

with an earlier and steeper reoxygenation in the latter group. Consequently, the average for
these signals is separated between the two groups in the figure (Fig. 7).

During CL-LI, similar response of @b and tHb can be found in all the muscles; a
sharp decrease after the onset of exercise, followed by a steady increase throughout the
exercise. This increase in blood volume (represented by the increase of tHb) to the exercising
muscles enabk muscle oxygenation levels during exercise to reach or exceed the baseline
levels. Furthermore, the rate oftb increase follows more or less that of tHb in all of the
muscles, suggesting a steagtgte condition in the balance betweerd@livery and @
consumption. In other words, the demand is met by the supipiya, on the other hand, show
some more heterogeneity between the muscles. In the VL, VM, and GL HHb increases after
onset of exercise, but then decrease and stabilize (but still above désetin as tHb
increases. For the BF, GMax, and TA however, the HHb decreases, and even at later

stabilized levels remains under baseline level

During CL-HI there is a much clearer deviation of HHb angH®during exercise in
all of the muscles. After the wiorate is increased from the waiup, HHb and GHb
respectively increase and decrease rapidly during the first 2 minutes. By then, tHb is
increasing in all of the muscles, and eventually leads to tHb concentration above baseline
level (except from BF). Ténfurtherinitial development of gHb in the muscles after thé%
minute of exercise differs between the proximal and distal myschese TA and GL seemed
to reach their minimum soongfowever, despite any difference in the initial response, all of
themuscles show an increase igHD from the §'i 10" minute as tHb continues to increase,
followed by a stabilized level from the 10 15" minute.The increase in blood volume is,
however, not enough to enable baseline oxygenation levels during ex#laisigificant
differences was found in the concentration responses duriftgl ®etween group 1 and 2 (p
=0.129i 0.925) indicating that the described responses forinigimsity were the same for
26 subjects (n = 26).
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Cycling during CLl-HI had a sigificant different effect than GILI on the QHb, HHbD,
and tHb response in all of the muscles except frohibOn TA (p =0.121). Looking at
within-subject contrasts for VL (the main power producer during cycling), thik @sponse
was not significant diéfrent between the intensities from baseline to thaifiute (p =
0.548), where there were a steep decrease at both intensities, and betweBrmatioe1£)
minute of exercise (p = 0.291), where stabilized concentration level was achieved at both
intengties. Otherwise, there were significant differences between all time points (p ='0.000
0.006), where gHb started increasing after th& minute of Cl-LI and continued to decrease
during CL:HI. The only significant difference for tHb response in VL \asveen baseline
and the I minute (p < 0.05) and™I' 2™ minute (p < 0.01), suggesting that an attempt to
increase blood volume to the exercising muscle was present in similar degree at both
intensities. However, for those 6 subjects in-anhlysistHb response to the intensities was
significant different in VL from the 1%i 20" minute (p < 0.05) and 30" 25" min (p <
0.05), with no further increase of blood volume duringiLwhile it continued to increase
during CL-LI. As a result of this,ignificant difference was also found fopldb between the
15" 20" min (p < 0.01), and the difference between tH8 280" min being close to
significant (p = 0.054).
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Figure 6: Unfiltered continuous NIRS signal edistus lateralis (VL) during 3fnin of constantoad low (A)
and highintensity (B) cycling. Lines indicate concentration @HO (red line), HHb (blue), and tHb (green).
The spikes in the Blb and HHb signal is a result of arterial occlusions, which can be used to calculate oxygen

consumption of the muscle (m\AD However, mVQis not presented in the present stud
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Figure 7: Muscle oxygenation responses isHD (red line), HHb (blue), and tHb (green) for group 1 (i.e.
subjects that cycled both lewnd highintensity) during low (left) (CL-LI) and highintensity (right)(CL-HI)
constantload cycling. VL = vastus lateralis, VM = vastus medialis, BF = biceps femoris, GMax = gluteus
maximus, GL = gastrocnemius lateralis, TA = tibialis anterior. 13 subjects (n = 13) are included &dttoe |
the black vertical lines, while only the 6 subjects who completediB@igh-intensityare represented to the
right (n = 6). For BF atconstartload highintensity O,Hb and tHb of the subjectsho completed 30 mire

represented by separate linégrey) as they showed significant different response during3.min than those

who completed <30 min.
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3.3 Tissue Saturation Index (TSI)

Tissue saturation index (TSI) of all the 6 muscles during-Cand CL-HI is presentedn

Fig. 8. The subjects iboth G30 and G<30 showedsimilar Gi 15 min TSI response in all 6
muscles (p = 0.15% 0.790). Hence, the former group is used for presentation of TSI response

after the 18 minute.

During CL-LI an initial steep desaturation between baseline &mditlute of exercise
was present in all of the muscles except the BF and TA, where TSI remained unchanged at
baseline level throughout the exercise. Also the GMax and GL eventually recovered to
baseline saturation levels as blood volume increased, and a-statalwas visible at both
muscles from the fdminute. The knee extensors VL and VM showed a resaturation as well,
with a steadystate present from the "I éninute, but none were able to recover baseline values
(although VM is cl diree theddtmmn ofonlyeB%) VLHistiocm b as e
itself further with being the only muscle with an additional desaturation frontthe"f

minute.

CL-HI had a statistical significant different effect than-OlLon TSI responses in all
of the muscles (g 0.0001 0.002). In general, none of the muscles are able to recover from
the initial response during high intensityile all the desaturated muscles showed an increase
after the initial decrease during €l.,. Furthermore, the initial desaturation wadso present
for BF and TA. Although not able to recuperate to baseline levels, most of the muscles still
acquire a steadgtate also at GHHI within 5 minutes of exercis@he exceptions wergF
and GMaxwhereboth showed a continuous (but gentle) deseeta the 18 minute. Even
though VL, VM, GL, and TA all seem to acquire a TSI stestdye, the distal muscles GL
and TA acquire this earlier (within 2 min) than VL and VM. The TSI response of VL during
CL-HI is the one that resembles the pM@sponselte most, with an initial steep decrease
during the first two minutes, followed by a gentler curve until thenfnute, where steady
state is achieved. No differences were foundinlb min TSI response in any of the muscles
between group 1 and 2 (p 26371 0.805).

No difference in @ 15 min TSI response was found betw&380 and G<3(@p =
0.263i 0.805). Withinrsubject contrasts on the subject$530(n = 6) revealed no significant
differences in TSI response between-oiensity and highntensity(p = 0.0561 0.995) after
the 18" minute, except from in VM between 25 30" min (p < 0.05), suggesting that the

steadystate acquired in the muscles during the course of the first 15 minutes was maintained
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throughout the last 15 minutes of the tesivall. It may also suggests that the steathte in

BF and GMax was most likely eventually acquired in these subjects, but just at a later stage of
constardoad exercise.
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Figure8: Mean (+f SD)tissue saturationTS|) responses for group 1 (i.e. subjg that cycled both lovand
high-intensity) during low (open) and highintensity (filled) constanlbad cycling. For abbreviations, see
previous figure. 13 subjects (n = 13) are included to the left of the central vertical black line, while only the 6
subjects who completed 38in high-intensityare represented to the right (n = 6). Asteriskal hashindicate

the significant different response betweenstantioad low and highintensity(* = p < 0.05, ** = p < 0.01, #

=p <0.001)

3.4 Difference between Finish Groups

The TSI response of the first 15 min <€l between G30 (n = 10) and G<30 (n = 14),
including subjects from both group 1 and 2 (n = 24), is presented in Fig. 9. Overall, the TSI
response in all the muscles seems more or less identidakheibnly difference being the
baseline level and amount of desaturation in some of the muscles. This suggests that there
were no differences in the balance of peripheradi@ivery and @ consumption between the

finishing groups, even though some wenalle to complete more than 15 minutes while
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others were only halfway through the test. However, an exception can be spotted in GMax,
where those close to voluntarily exhaustion show a close to significant difference frath the 5
to the 16' minute (p = 0064) and a significant difference from™0 15" min (p <0.001) with

a decrease in saturation. During the same period, the only difference in any of the other
muscles can be found in BF from thé"1015" minute (p < 0.05). Although the response was
not found significant different, the amount of desaturation in VL and VM is also less in G<30
with the same TSI baseline at both groups.
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Figure 9: Mean (+f SD)tissue saturationTS|) responses during constaluad highintensity cycling (I

15min) of tke subjects who completed-80n cycling (filled) and those who did not (open). For abbreviations,
see previous figure. 24 subjects (n = 24) from both group 1 and 2 are included, with a total of 10 (n = 10)
subjects in the 3tnin group.Asterisks and hasimdlicatethe significant different response between the two

subgroups (* =p < 0.05, # =p < 0.001
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4. Discussion

The main finding of the present study was the similar oxygenation pattern that was found for
all 6 muscles in response to higittensity andow-intensity, and achieving a steastate

condition during highintensity within the same time period as p¥/@lthough the local
responses were similar, differences were found between the muscles with heterogeneity in
regard to the amount of deoxygdoatand desaturation. Less difference in saturation was
found between the intensities in the distal muscles (TA and GL) compared to the more
proximal muscles (VL, VM, BF, and GMax), as well as a lack of TSI ststatg during
hightintensity for the BF an@Max muscles. Investigating the TSI response of GMax during
CL-HI further, we found a significant difference between the subijec380 and those in

G<30 While the group of subjecis G30maintained the desaturated level achieved by the 5

minute, G<® showed a continuous desaturation throughout.

To our knowledge, no other studies have investigated multiple muscles during
constardoad cycling. Takagi et al. (2013) is the only study that has applied NIRS in
investigating multiple muscleand muscleroupssimultaneously during cycling. However,
they did so during incremental cycling exercise, and not during cofstahtycling. There
have been other studies that have had more similar protocols to ours, but they have typically
measured only one owd muscles. In addition, several of the more recent studies applying
NIRS during cycling exercise have presented only TSI (in many studies referred to gs SmO
results and not the raw signal, e.g. the mentioned study of Takagi et al. (2013). TSl is a
valuable variable to present in an effort to understand human skeletal muscle physiology as it
reflects the balance between two important mechanisms in the vessels; the oxygen supply and
oxygen consumption. Furthermore, it provides a more quantified measur@satiration,
and thus is easier to interpret and compare across studies. However, when leaving out the raw
signals one loses important information about e.g. blood volume changes, which can be of
great assistance in interpreting the TSI results. Atsour study we found greater between
subjects variability in TSI than we did for the raw signals.

No data is available on the validity of the saturation percent, and how large the
variability is within a group of subjects. However, a substantial varialslipresent in both
Takagi et al. (2013) and our study, illustrating the need for further studies to address this
issue. One way to possibly decrease this varialilityvois by normalizing the TSI teach
i ndi vi dual ©350% satarationiyptmenuad of alcuff ischemia response. This
involves inflating a pneumatic cuff proximal of the probes to suprasystolic pressure until a
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plateau in desaturation is reachAdyperemic response will occur with the deflation of the
cuff, and the minimum anchaximum achieved saturation can be used to establish a quasi
guantitative scale through the range 6f D00% functional saturation. The desaturation
measured during dynamic exercise can then be calculated to a peitten100%

desaturation. Howevethe validity of both the measured and normalized TSI scale remains
uncertain, and the inclusion of raw data is encouraged either way. With concern to the
comparison of response as a product of time between the intensities, the lack of such a
normalized sda does not affect the analysis or results of this study. Also, independent of the
uncertainty of the validity of the quantitative percentage of TSI, all muscles showed lower

saturation levels during hightensity than lowintensity as expected in our giu

Another possibility to obtain a quantitative value from the NIRS signal is by using an
arterial occlusion (AO) during (or immediately after) exercise. In the present study, we found
significant different oxygenation responses betweenitdensity anchigh-intensity exercise,
but with a remarkable similar response across the muscles both in terms of intensity and
duration. However, the concentration changes#flioand tHb still only reflects the balance
between @delivery and @ consumption and nohé actual oxygen consumption in the
muscle (mVQ). In other words, although we find a steadgte condition in oxygenation, it is
not to say that the mV{emains the same throughout the test. In fact, based on previous
literature on altered muscle coardtion during prolonged cyclind@orel et al., 2009
Sanderson and Black, 200Bere is evidence to sugst otherwise. With the application of
AO during exercise, and thus controlling the blood flow (i.e. no inflow or outflow), the rate of
deoxygenation may be used to provide us with a more quantitative measurement,0®mVvO
our initial goal was to also westigate mVV@during prolonged cycling, the application of AO
was part of both constafdad protocols, but the results have not yet been analyzed. However,
we found the occlusion to influence the systemic variables such asgnd@R. Especially
duringthe initial phase (5 min) this effect is apparent in our data in a less smooth initial
increase in pV@as to what might be expected based on regression analysis reported in VO
kinetics studies. The AO cuts off, in a sense, most of the right leg froraghef the body.

With roughly half of the most active muscle mass cut off, and thus a smaller amount of
muscle mass with the need of oxygen supply, the technique is expected to have some impact
on the wholeébody measurements. We found the HR and pt¥Qlecrease respectively

during and after the AO followed by a compensation period (i.e. increase and overshoot,

before it again stabilized at pA level). With less muscle mass to supply with oxygen
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during the AO, a smaller cardiac output is needed, whitthead to a lower pVQ@. The

delayed effect on pV&relative to HR may therefore be a systemic delay as cardiac output
kinetics has been found to be faster than that of 0@ and Rhodes, 1999and/or a delay
caused by the difference in sampling frequency (0.1 vs. 0.2 Hz). However, as the effect of AO
was not the primary purposé this study, we can only conclude that further research is

needed to make any justified conclusions or interpretations of the effect arapd®IR.

The response we saw for pYé@nd HR to the AO has an effect on the analysis, as to
where one should aallate the averages. For the latter 25 min of the tests, this could easily be
accounted for by taking the average prior to the occlusion. However, for the first 5 minutes,
with 20 seconds occlusion every minute, the systemic compensation might haveéatem g
influence on the data as they may either be-aveunderestimated. In the present study, we
chose to calculate the 30 sec averages for pulmonary and heart rate data from the 10 seconds
prior to AO plus the 20 seconds of AO, as the greatest eff¢iae AO was found in the 30
seconds period after the occlusion. Nevertheless, despite any possiblar over
underestimation in the initial phase, this effect might not be a problem for our purpose since
the focus was not so much on the p\WKinetics ason the overall difference in response
between the measured muscles. Moreover, when comparing the same work raté with (0
min CL-LI) and without (0i 5min warmup phase CiHI) AO, the average for pvVwas

approximately the same for each whole minute.

4.1 Near-Infrared Spectroscopy (NIRS)

Because of the relatively small area of NIRS measureménd (8n in our study), some
considerations to regional differences within the single muscle must be made when
interpreting the results. Both Kennedy et al. (208&) Kime et al. (2005) have shown such
differences to exist in the VL muscle at low intensity, but with less/none heterogeneity of
muscle oxygenation and interdividual differences during high intensity cycling exercise.
Regional differences have alsedm found in blood flow, with a decreased blood flow in the
distal region compared to the proximal region of the VL mu@Gime et al., 2005Mizuno et
al., 2003.

Another issue is the possible difference in adipose tissue thickness (ATT) between
subjects and muscles. In investigating the skeletal muscle, the NIRS light also has to penetrate
subcutaneoustissue,hi ch may vary considerably between

measurement debt of NIRS is limited (i.e. approximately half the measurement distance

32



Beekvelt et al., 20023 a thick skin or fat layer will decrease the amount of light passing
through the muscle tissue of interest, thereby underattithe measured muscle oxygenation
(van Beekvt et al., 2001p A method to adjust for differences in ATT has recently been
proposed by Koga et al. (2011), which may help to provide more comparable data between
studies and subjects in the future. However, further studies are first needed talstaridesr

method and establish its validity and reliability before it can be widely applied.

No significant difference in ATT, in any of the muscles, was found when comparing
the subjects in group 1 and 2. Nor were any difference found between G30 a@hdlis3
enabling across group comparisons. However, a significant difference was found between the
muscles, with especially GMax having a higher ATT (Table 1) than the other muscles. As a
higher ATT underestimate the measured muscle oxygenation, thegesgouand in our
study for GMax in comparison with the other muscles may therefore be underestimated as
well. Also, the ATT average for TA and BFable 1)was lower than for the remaining
muscles. Consequently, the difference found in our study betwedAfBF and the other

muscles may only be greater.

4.2 Effect of Intensity

Systemic and local responses were investigated during two different cdoathmitensities
designed to elicit different systemic responses. In accordance with Xu & Rhodes (1€99),
hypothesized thafL-LI (WR = 50% WRyg_a, i.€. below LT) would provide us with an early

pVO; steadystate within 3 minutes of exercise, coupled with no increase ihlfhels. As

expected, subjects achieved steatite levels in the systemic varieblwithin few minutes of
exercise. Furthermore, [Jaemained well below LT (Fig. 5D) during the full 30 minutes of

CL-LI cycling, thus providing evidence that the WR was in fact below the lactate threshold.
Investigating the local oxygenation responsa&aled that an early recovery and surpassing

of baseline levels was also present in all 6 muscles, with an increase in blood volume enabling

oxygenation above baseline levels.

The initial intention folCL-HIlwas t o sel ect an i stensity al
individual MLSS, thought to elicit a pV&low component as well as representing an
intensity where a possible altered muscle recruitment would surely take place, but still within
the limit of 30min tolerance. Ideally, one would then test for the MLSfkwate or the
critical power (i.e. the highest power one can hold for a theoretically infinite amount of time

(Miura et al., 200D of the subjects by using ntigle tests at various work rates. However, as
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the testing procedure for both variables is greatly4womsuming, it was not feasible for the
present study. Consequently, the intensity was set to 75% MAP based on evaluation of
literature with similar praicols and pilot studies in our lab. This relative work rate, without
consideration for individual lactate thresholds, led to different finishing times ranging
between 15 and 30 minutes. However, those subjects who completed Bfted their
perceived exaustion at the end of exercise no lower than those who completed merely 15
minutes, suggesting an equal level of overall fatigue.

Regardless of timeo-taskfailure, the highintensity exercise led to statistical
significant differences compared to lamtensity in the response of all systemic variables.
However, no further increase of py@fter the & minute was present in any of the subjects
(Fig. 4A), thus suggesting that the WR was collectively in the range of heavy exercise (i.e. LT
<WR < MLSS) raber than that of severe exercise (i.e. WR > ML&S)and Rhodes, 1999
Thisis in contrast with the continuous [Laccumulation found in some of the subjects in
G<30(Fig. 4B) and the described relationship between these two var{dohes et al., 2011
Xu and Rhodes, 1999Nevertheless, all systemic variables showed responses in accordance
with what can be expected of intensities above LT.

A clear effect of work intensity was alsoggent in the local oxygenation response,
where QHb and HHb deviated to a greater extent early on duringihighsity in all 6
muscles (Fig. 7). Blood volume increases during Hgénsity both intensities, but while the
increase durintpw-intensitywas enough to enable recoverytafselineoxygenation levels,
O;Hb and HHb remained respectively below and above baseline levels dighrigtensity
cycling. However, the oxygenation level stabilized in most of the muscles within 5 minutes
where alsdittle or no further increase in tHiias presenfexcept from VM). Depending on
the different muscle groups, and their involvement in cycling (for a review, see Hug & Dorel
(2009)), this plateau may suggest one of several things; (1) the work performedrnsthe
does not demand further deoxygenation, (2) the muscle(s) has reached its minimum
oxygenation level, or (3) an impaired blood flow hinders the increaseHtis Gelivery.
Redistribution of blood flow in the legs have been found to occur predomirmkamithg mild
to moderate exercigédsanoi et al., 1992 while an increase in blood flow during severe
exercise is thought to depend on an increase in cardiac output (i.e. heart rate x stroke volume).
A continuous increase in heart rate is present duringihtghsity, but without measurement
of stroke volume we cannot be sure whether this increase is a result of an effort to increase

blood flow or to the phenomenon cardiac drift (i.e. an increaseair rege and a reduction in
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stroke volume, while cardiac output remains the same), which is repeatedly reported in
prolonged exercise studi@Sheatham et al., 20DAf an effort to increase blood flow is
present, the blood flow ttome ofthe working musclege.g. VL) may be impaired due to
intramuscular presserexceeding perfusion press@&adamoto et al., 1983That is, the
requirement of force production duri@i-HI exceeds the critical point for further increase in
blood flow to the musclesdowever, as this is out of the scope of this study, further research
IS necessary to provide mdinded interpretations.

4.3 Pulmonary Oz Consumption vs. Muscle Oxygenation

The main finding of the present study was that local ergtjon measurement for all the
muscles collectively behaved in a similar manner as¥@d additionally showed a
surprisingly homogenous response. Dui@igLlI, an intensity that got ratings exclusively

from the lower end of the Borg scale, the demamd delivery to produce the required

work aerobically is easily met. The oxygenation level in all the measured muscles decreases
in the initial phase, most likely because of the mechanical effect of contraction in squeezing
the blood out of the muscle oMever, as heart rate and p¥@creases, so does tHb, enabling
oxygenation at or above baseline level in all of the muscles except TA.

During CL-HI, it takes longer time to rea@vO2 steadystate, and ¢gHb and HHb
deviate to a larger extent. This deioa in O,Hb and HHb occurs after 5 min waiup at the
same intensity as the @l test, thus clearly illustrating a higher need for oxygen in all the
measured muscles. During this transition period, tHb starts to increase in all of the muscles
rather rapily (within approximately I 3 min) after the initial immediate decrease while
O;Hb levels remain either at the same level or continue to decrease before a resaturation
period between 5 and 10 min of cycling (except from VL). After 10 min of exercige,itha
steadystate present in both local oxygenation and pVibe finding of VL not showing any
resaturation may suggest that the muscle is working at its maximum capacity and has reached

its plateau in deoxygenation, while an impaired blood flow hsdely possible resaturation.

The relatively delayed reoxygenation compared to the early increase in tHb is
interesting. Chance et al. (1992) studied the resaturation of the quadriceps muscle (RF (i.e.
rectus femoris), VL, and VM) at rest after severatintittent submaximal loads during
cycling. They found the time of resaturation of hemoglobin in the muscles to be prolonged as
the intensity increased, and that the blood volume returned to a resting level faster than the

resaturation of hemoglobin. Thathors contributed this finding to a repayment of oxygen
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deficit at higher work rates. Whether the delayed resaturation relative to the increase in tHb in
our study is a result of any such repayment in the muscle is not possible to conclude based on
the awailable data. However, Chance et al. (1992) investigated resaturation after exercise, and
their results are thereby in agreement with studies dan@tics on a pulmonary level, where

any oxygen deficit acquired during the initial phase after onset ofisges argued to be

repayed after exercigXu and Rhodes, 1999Vhipp and Wasserman, 197Zonsequently,

there isno evidence to suggest that asuchrepayment occurs durirexercise. Thughe

delayed resaturation we see during Higensity may just as well represent a further increase

in mVO, enabled by the early increase of tHb. Nonetheless, further regsareeded to

enlighten any possible underlying causasthe delayed reoxygenation during higkensity

cycling.

The steadystate found in pV@and local oxygenation between thé"Ehd 15"
minute was also found throughout the full®hutes for tlose 6 subjects who completed 30
minutes at both intensities. This suggests that the€adystate found on a pulmonary level
at both intensities is also reflected by a stestdye balance between oxygen delivery and
utilization found on a local level.ne adjustments for improving the balance betwegn O
delivery and utilization are in other words first and foremost found in the initial phase of

constartoad exercise.

4.4 Tissue Saturation Index (TSI)

Studies that have applied NIRS during dynamic exertyigically report the results in terms

of oxygenation index (i.e. Hl = aiib® HHb]) or tissue saturation index (TSI), both

reflecting the balance between oxygen supply and consumption in small vessels in the muscle.
The measurement of TSI requires multiple measurement distances, but provides a more
guantified measuremenf saturation. Most previous studies have typically investigated parts

of the quadriceps muscle, while Takagi et al. (2013) is the only study (to our knowledge) to
investigate several muscle groups simultaneously, but did so during incremental cydling wit

20 W/min increments and not using specifically trained cyclists.

From Fig. 8 it is clear that the amount of desaturation and the initial response is
different between lowntensity and highntensity in all of the muscles. The VL muscle is
thought to le the most active leg muscle in cycling and has consequently been used frequently
in NIRS literature. In our study, the VL is the muscle that resembles f\é@nost in terms

of TSlresponse, with a rapid desaturation during the first two minutes of exeatdboth
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intensities, but followed by a TSI steadiate atow-intensityand a continued gentler
desaturation atigh-intensity. The desaturation during hightensity continues until the"s
minute,beforea steadystate is present at theLMinute,also in agreement with p\MOCL-

LI and CL-HI were found teelicit an average pV&steadystate of respectively ~45% and

~95% of pVQmax Compar i ng t he &T SstateinVbtosimilaast t o TSI
intensity levels in the study of Takagi et al. (20(8)% and 100% pV&eay, Our results are

of similar value for CLLI (3% vs. 4%) but substantially higher for ¢l (10% vs. 24%).

This difference could be a result of different training status in the subjects, as Takagi et al.
(2013) included generally Bthy young men that had not participated in any type of

endurance training program for the last 12 months, while we included specifically recreational
cyclists that perhaps have the ability to achieve lower saturation level in VL during severe
exercise. ldwever, the difference could also, at least to some extent, be a consequence of the

different protocols (i.e. incremental vs. constiatd cycling protocol).

Also Grassi et al. (1995) and Belardinelli et(@995) investigated the saturation in
VL (using Hhyi) during incremental exercise, atiteyfound the paern of change in
saturation to depend on whether the exercise
This is in accordance with the results of Takagi et al. (2013), where thereaperstecrease
in saturation after 60% pV&kak(an intensity level where one can expect to find the LT in
normal healthy subjec{8elardinelli et al., 1999aas well as with the difference found
between théntensities in our study. Belardinelli et al. (1995a) concluded this finding to be
owed to the Bohr effect. That is, at lamtensity exercise the Bupply is sufficient to meet
the aerobic demand for ATP resynthesis, while at intensities above LTctimawation of
muscle lactate ultimately shift the Hb dissociation curve to the right and enables gpeater O

extraction form the capillaries.

While a difference betwedaw-intensity and highntensitywasmost pronounced in
VL and the other proximal musd (BF, VM, and GMax), it was much less in the distal
muscles (GL and TABoth GL and TA showed an initial desaturatauring highintensity
followed by an early stabilized level at similar saturation inaexruring lowintensity.
However, while TA shoed no initial desaturation during lemtensity, GL had a similar
initial desaturation at both intensities, but increases gradually to a saturation level equal to that
of baseline by the 1dmin duringlow-intensity. This is similar to the results of Tajizet al.
(2013) where the TSI of TA remains unaltered to the WR increments until the intensity

exceeds 60% pVRe.akWwhi | e changes in GL TSI can be seel
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duringCL-LlI is also similar to the mentioned study (GL: 0% vs. 1%, -186 vs. 0%), while

a 4% higher and a 6% | ower &a&TSI wd4#l.Thsund f o
difference is most likely caused by better trained cyclists in our studghapman et al.,

2008. A possible explanation for the differentrespoase d @&T S| bet ween t hes:
may be a result of mones. biarticular muscles and what is known about these muscles and

their participation during cycling. While moraaticular muscles are generally believed to

have the role as power producer mas@Ryan and Gregor, 19%2and one would expect the

power production for dorsiflexion to be low at lower intensities such as 50%sWRs well

as at high intensity for experienced cyclistsatiicular muscles are thought to be primarily

active n the transfer of energy between joints and in controlling the direction of force

production on the ped&ran Ingen Schenau et al., 1992MG studies on the gastrocnemius

muscle have shown it to have a constant EMG activity level at lower intensities in the range

below 70% MAP(Hug et al., 2004Jorge and Hull, 1986which is in accordance with the

similar initial responséor the muscleseen in our study between tinéensities.The general

low activity of GL during cycling compared to mosagaticular musclegHug and Dorel,

2009, would then sggest that the increase in blood volume following onset of exercise is not

i mpaired (i.e. |l ess activation Y |less force

to recover baseline subtraction

In the study of EMG activity level of several mainvier limb muscles during
constardoad exercisgat differentwork rates Ericson (1988) found increased EMG activity
level in VL, VM, BF, and GMax (among others) as power output increased from 120 to 240
W. Furthermore, it was suggested that especially xcddaivity is greatly influenced by the
work rate level with a relative higher activity during high intensity exercise when compared to
VM. This is in accordance with the results of the present study, wisggaificant difference
in saturatiorresponse é&ween the intensities is found for the samesclesThis response is
also most distinctly different in GMax, with a more pronounced effect of intensity in the
period after the initial start with a recovery of saturation duomgintensityand a further
decrease duringigh-intensitydespite an increase in tHb. In addition, because of the high
ATT for the GMax muscle, this difference may be underestimated. Similar response was also
found for BF during highntensity. The unaltered saturation responsélirand VM coupled
with the desaturation present in BF and GMax during-mggmsity may suggest an altered
muscle coordination during exhaustive exercise. There have been found a significant increase

in the EMG activity level of VL and VM during constaloiad exercises to exhaustion at high
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intensity cycling(Housh et al., 20Q@etrofsky, 197§ suggestinghat additional motor units

of the muscles are recruited to compensate for the decrease in force in the fatigued muscle
fibers(Dorel et al., 200P Also the mechanical pattern at the end of prolonged exhaustive
exercise has been shown to cha(®@gnderson and Black, 2003trongly suggesting that the
muscle coordination is affected by fatigue. Dorel et al. (2009) foutieeinstudy of constant
load exercise an increase in EMG activity level in both GMax (29%) and BF (15%). This
supports that the desaturation apparent in GMax and BF in the present study during high
intensity but not lowintensity may reflect a coping ste@y to counteract fatigue in VL and

VM and/or an increasia force production by the knee flexdiisimer et al., 201jland hip

extensors to add to the maximum capacity already delivered by the knee extensors.

4.5 Finishing Groups

In the present study, a total of 24 subjects compléte#ll at 75% MAP, and all subjects

rated themselves within the same range on the Borg scale, suggesting an equal overall
perception of fatigue. However, only 10 of the subjects sustained the fiolirBAuration that
was scheduled. When comparing baseline charsitts that were thought to be determining
factors for performance (W4B_a in absolute (W) and percentage of MAP, & MAP, and
max achieved lactate), no statistical significant differences were found between the two
groups (i.e. G30 and G<30). Nor die find any difference in the initial response& (05

min) for pVQ,, HR, and RER. The only difference found between the two groups on awhole
body scale were [Lhand e responses durinGL-HI. In G30, the initial fast increase ingv/
flattened more asomnpared taG<30wh er e it continued to increas
study (1978) with normal healthy adults (royclists). In agreement withgy/[La’] showed a
much steeper increase®@x30 A general principle to explain coupling between blood lactate
and ventilation is pulmonary buffering due to acidification under high intensity through an
increase in pVCg and thus the need for an increase g{Rerrey et al., 2003In other

words, the difference in pfesponse between tihjeoups may merely be a result of the

di fference found in the accumulation of Dbl oo
results of CEHI, no significant difference was foundn  gffoin ¢he maximum achieved
lactate during from day 1, nor were there a visible difference in eneMé|, thus the

difference is found in the rate of accumulation and not end vauggesults are thereby in
agreement with that the exercisesimsities associated with the discontinuities in both blood
lactate accumulation and ventilation are highly related to the exercise intensity that can be

tolerated during sustained exerc{Bdlat et al., 2003Stegmann and Kindermann, 1982
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Well trained cyclists are expected to have high absolute values g,y 6ut they
separate themselves perhaps frsdl foremost from the recreational level in the ability to
work at a higher percentage of their aerobic capacity without high levels of lactate, and
subsequently early fatigeucia et al., 2001 In this line of thought, it is easy to suggest that
the subjects in G30 weleetter trained cyclists who were able to sustain the same level of
relative intensity (Y%oMAP) for a longer duration, with less accumulation of.[lfaso, this is
not clear from the difference in WiB_a as percentage of MAP between the two groups, with
a mean difference of only 3.2% in favor of G30. One possible explanation for this is that
OBLA is not the same as the individual lactate threshold, anditigle reference at a blood
lactate concentration of 4 mn@l may be too simplisti¢Beneke et al., 200Foxdal et al.,
1996 Billat et al., 2003van Schuylenbergh et al., 200#owever, a fixed lactate threshold
of 4 mmolD* has been fand to overestimate the individual threshold in more aerobic trained
subjectqBillat et al., 2003Stegmanret al., 198). Hence, if thesubjects in G3n fact were
better aerobically trained (i.e. typically better trained cyclists) the mean difference in
individual lactate threshold may be less. Nonetheless, the blood lactate response of G30
resembles to argat deal what have been found in highly trained cyclists cycling at critical
power for ajtn of 30 minutegJenkins and Quigley, 199Ghus suggesting that some

important factor for performance iserlooked in our wholdody measurements.

Although no difference in pV&response durin@L-HI was found betwee630 and
G<30, physical training is known to cause adaptations to not only the cardiopulmonary
system (typically measured by an increase in g\® but also the peripheral system. This
has also been supported in NIRS studies, with high correlation between peripheral effects of
training and cycling performang¢€ostes et al., 200Neary et al., 2002 In investigating TSI
response during 0 15min of CL-HI, we found a significant difference in the response of
GMax between G30 and G<3@/hile G30is ableto sustain the desaturated level achieved by
the 8" minute, G<30 show a continuous desaturation. This is in line with the earlier
mentioned increased GMax activity found in EMG studies during exhaustive exercise, and
may further be connected to thedesamount ofdesaturation found in VL and VM for G<30.
While the 36min group were able to sustain further 15 minutes of exercise, 7 of the 16
subjects in G<30 had reached voluntarily exhaustion by 15 minutes. This may reflect a need
for the GMax to contribte relatively more to the force production in the <30 group compared
to G30. However, as TSI only reflects the balance between loa®I®ery and Q

consumption, we cannot conclude whether there is an increase in force production and/or
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muscle activityof GMax. Nevertheless, a significant difference between the two groups that
mayhave been a contributing factortheir performance was found on the peripheral level
using NIRS, and the need for further studies coupling other measurement techniques with

NIRS (e.g. inverse dynamics, EMG) on several muscles during exhaustive exercise is needed
to help explain this further.
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5. Conclusion

This is the first study to measure local oxygenation responses to cdoathgi/cling in

several muscle groups simulously. The main finding of the present study was that local
oxygenation measurement for all the muscles collectively behaved in a similar manner as
pVO; at both intensities, and additionally showed a surprisingly homogenous response.
However, although #hlocal responses were similar, differences were found between the
muscles with heterogeneity in regard to the amount of desaturation. We found the distal
muscles TA and GL to show less difference in saturation between the two intensities
compared to the are proximal muscles (VL, VM, BF, and GMax), as well as a lack of TSI
steadystate during CtHI was found for the BF and GMax muscles. These findings are in
agreement with previous EMG studies that have found GL to show steady activity during low
intensitycycling (<70% MAP) while the activity of BF and GMax have showed to increase
with increasing work rate and duration. Another interesting finding was found when
comparingG30 and G<30While none of the baseline characteristics were significant
different ketween the two groups, and the only significant differences in vitalg
measurements were found in [Land Ve responsesye found peripheral differences that
may have contributed to their performané@0showed less desaturation in VL and VM as
well as a significant different response in GMax TSI. WI@lg0 maintained the desaturated
level in GMax achieved by thé"sninute, G<30 showed a continuous desaturation
throughout. This may reflect a strategy to add to the maximum capacity already delivered by
the knee extensors, which then hypothetically may have been less in the latter group.
Changing the work rate in individual muscles may alsa $teategy to counteract early
fatigue in thdfirst recruitedmuscles. However, as the measurement of TSI efilgats the
balance betweenQelivery and @ consumption, future studies investigating actual muscle
oxygen consumption coupled witheasurements of localork rate through inverse dynamics
may help us to gain a better understanding of both grarf@ muslke use during prolonged
cycling. This study also underlines the need for knowledge of peripheral differences when
assessing training status in an elsewise homogegroup, as well as illustratingow the use

of NIRS can provide a new, more direct waytiedy what is happening in the local muscle

during exercise.
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Appendix

Appendix | Revised version of the Boggale for Rating of Perceived Exertion.

RPE
6
7 Veldig, veldig lett
8
9 Veldig lett
10
11 Ganske lett
12
13 Noe tungt
14
15 Tungt
16
17 Veldig tungt
18
19 Veldig, veldig tungt
20 Maksimalt
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Appendix Il. ANOVA repeated measurement analysis of systemic variatigsron.

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vsGroup 2
Time

pVO2 (ml/kg/min) HR (bpm)
DF1 DF2 F sig. DF1 DF2 F sig.
2,56 145,04 363,58 0,000 1,5 19,49 59,82 0,000
1 11 496,33 0,000 1 13 614,39 0,000
1,8 19,82 29,17 0,000 1,36 17,61 33,32 0,000
2,67 26,65 1,80 0,177 1,57 18,84 2,14 0,153
1 10 5,54 0,040 1 12 1,31 0,275
2 20,02 2722 0,135 1,41 16,96 2,44 0,129
3,03 72,73 523,96 0,000 1,32 31,65 141,06 0,000
303 72,73 1,48 0,226 1,32 31,65 0,49 0,540
VE (I/min) RER
DF1 DF2 F sig. DFl DF2 F sig.
1,94 21,3 94,36 0,000 2,65 29,18 39,73 0,000
1 11 222,30 0,000 1 11 128,30 0,000
1,7 18,7 42,61 0,000 2,24 24,69 44,11 0,000
1,93 19,3 6,02 0,010 2,77 27,72 2,32 0,102
1 10 10,73 0,008 1 10 9,69 0,011
2,14 21,44 6,61 0,005 2,09 007 056 0587
1,97 47,17 227,54 0,000 3 72,09 197,50 0,000
1,97 47,17 0,44 0,645 3 72,09 0,66 0,577
La (mmol/l) Borg _
DF1 DF2 F sig. DF1 DF2 F Sig.
1,14 1021 59,63 0,000 2 26 47,06 0,000
1 9 115.30 0,000 1 13 342,36 0,000
1,21 10,87 6528 0,000 2 26 1585 0,000
1,17 9,33 4,74 0,052 2 24 117 0329
1 8 2.87 0,129 1 12 0,01 0,933
1,29 10,34 5,07 0,040 2 24 8,48 0,002
1,17 24,46 130,37 0,000 2 48 96,48 0,000
1,17 24,46 0,64 0,454 2 48 0,63 0,536

Time*groups
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Appendix Ill. ANOVA repeated measurement analysis of systemic variatdésin.

pvO2
DF1 DF2 F sig.
Time 9 45 172,26 0,000
Time*Intensity 9 45 11,63 0,000
HR
DF1 DF2 sig.
Time 9 45 74,87 0,000
Time*Intensity 9 45 22,07 0,000
VE
DF1 DF2 sig.
Time 9 45 39,03 0,000
Time*Intensity 9 45 245 0,000
RER
DF1 DF2 sig.
Time 9 45 9,95 0,000
Time*Intensity 9 45 21,8 0,000
La
DF1 DF2 sig.
Time 10 30 445 0,000
Time*Intensity 10 30 62,89 0,000
Borg
DF1 DF2 sig.
Time 5 25 28,8 0,000

Time*Intensity 1,17 5,85 0,68 0,464




Appendix IV. ANOVA RM analysis of gHb concentration changesl® min.

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

vastus lateralis (VL)

vastus medialis (VM)

DF1 DF2 F Sig. DF1 DF2 F Sig.
1,98 2378 2591 0,000 196 2357 37,67 0,000
1 12 25,41 0,000 1 12 0,13 0,722
25 30,02 3285 0,000 2,37 28,44 17,88 0,000
1,92 21,13 1,17 0,329 1,88 20,67 0,34 0,704
1 11 0,34 0,572 1 11 0,94 0,353
239 26,29 062 0,571 219 2405 180 0,184
1,9 41,74 44,70 0,000 1,82 40,05 38,12 0,000
19 41,74 0,62 0,537 1,82 40,05 0,20 0,803

biceps femoris (BF)

gluteus maximus (Gmax)

DF1 DF2 F Sig. DF1 DF2 F Sig.
143 17,12 37,31 0,000 1,63 19,61 29,85 0,000
1 12 0,54 0477 1 12 0,19 0,672
21 2516 11,04 0,000 1,96 26,53 13,17 0,000
15 16,48 2,54 0,120 1,81 19,91 3,59 0,051
1 11 3,09 0,107 1 11 0,28 0,606
2,56 28,13 3,80 0,026 1,94 21,35 1,42 0,264
161 3549 28,78 0,000 1,56 34,33 14,79 0,000
1,61 35,49 0,48 0,580 1,56 34,33 0,57 0,528

gastrocnemius lateralis (GL)

tibialis anterior (TA)

DF1 DF2 F sig.
196 2355 3592 0,000
1 12 0,02 0,898
235 28,21 22,01 0,000
2 21,95 1,17 0,330
1 11 0,58 0,462
2,36 25,93 0,36 0,738
2,15 47,29 22,60 0,000
2,15 47,29 0,80 0,465

DFl DF2 F sig.
2,83 3395 2830 0,000
1 12 040 0,537

296 3548 2,08 0,121

2,89 31,8 0,66 0,578
1 11 0,21 0,655
2,82 30,96 0,61 0,602

2,79 61,34 15,02 0,000
2,79 61,34 0,74 0,524
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Appendix V. ANOVA RM analysis of gHb concentration changes3d min.

Time
Time*Intensity

Time
Time*Intensity

Time
Time*Intensity

Time
Time*Intensity

Time
Time*Intensity

Time
Time*Intensity

vastus lateralis (VL)

DF1 DF2 F sig.
10 50 12,46 0,000
10 50 29,88 0,000

vastus medialis (VM)

DF1 DF2 F sig.
10 50 37,14 0,000
10 50 14,84 0,000

biceps femoris (BF)

DF1 DF2 F sig.
10 50 16,73 0,000
10 50 4,84 0,000

gluteus maximus (Gmax)

DF1 DF2 F sig.
10 50 66,45 0,000
10 50 9,8 0,000

gastrocnemius lateralis (GL)

DR DF2 F sig.
10 50 16,56 0,000
10 50 9,81 0,000

tibialis anterior (TA)

DF1 DF2 F sig.
10 50 7,51 0,000
10 50 1,56 0,146
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Appendix VI. ANOVA RM analysis of HHb concentration changessimin.

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

Time
Intensity
Time*intensity

G30 vsG<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

vastus lateralis (VL)

vastus medialis (VM)

DF1 DF2 F Sig.
1,48 17,78 34,97 0,000
1 12 26,79 0,000
1,54 18,51 16,14 0,000
1,49 16,42 0,33 0,662
1 11 24,0 0,828
1,51 16,6 0,25 0,717
1,42 31,33 69,01 0,000
1,42 31,33 0,81 0,415

biceps femoris (BF)

DF1 DF2 F sig.
1,55 18,6 7,88 0,005
1 12 44,12 0,000
2,24 26,87 26,35 0,000
155 1705 0,69 0,480
1 11 6,40 0,028
2,36 2594 246 0,097
153 3356 3556 0,000
153 3356 0,46 0,000

gastrocnemius lateralis (GL)

DF1 DF2 sig.

1,51 18,11 32,86 0,000

1 12 18,11 0,001
2,55 30,6 2343 0,000
1,4 1545 155 0,240

1 11 0,833 10,381
2,47 27,21 0,49 0,656
1,72 37,75 79,58 0,000
1,72 37,75 0,57 0,542

gluteus maximus (Gmax)

DF1 DF2 sig.

2,64 3167 434 0,014
1 12 30,42 0,000
1,76 21,09 29,60 0,000
2,49 2742 091 0,433
1 11 049 0,497
1,73 1906 0,73 0,478
2,4 52,86 50,21 0,000
2,4 52,86 1,59 0,211

DF1 DF2 F sig.
1,60 20,22 9,31 0,002
1 12 7,20 0,020
2,35 2814 10,23 0,000
1,93 21,2 3,35 0,056
1 11 1,03 0,331
2,37 2608 097 0,404
2,19 4807 36,14 0,000
219 4807 156 0,220

tibialis anterior (TA)

DF1 DF2 sig.

32 3838 9,12 0,000

1 12 38,74 0,000
2,68 3211 1820 0,000
311 3423 031 0827
1 11 0,07 0,800
258 284 040 0,728
2,97 6529 6394 0,000
297 6529 1,96 0,129
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Appendix VII. ANOVA RM analysis of HHb concentration change300min.

vastus lateralis (VL)
DF1 DF2 F sig.
Time 10 50 26,56 0,000
Time*Intensity 10 50 8,96 0,000

vastus mediak (VM)
DF1 DF2 F sig.
Time 10 50 25,20 0,000
Time*Intensity 10 50 8,81 0,000

biceps femoris (BF)
DF1 DF2 F sig.
Time 10 50 3,11 0,004
Time*Intensity 10 50 11,89 0,000

gluteus maximus (Gmax)
DF1 DF2 F sig.
Time 10 50 0,95 0,496
Time*Intersity 10 50 10,49 0,000

gastrocnemius lateralis (GL)
DF1 DF2 F sig.
Time 10 50 5,08 0,000
Time*Intensity 10 50 7,05 0,000

tibialis anterior (TA)
DF1 DF2 F sig.
Time 10 50 3,14 0,003
Time*Intensity 10 50 11,50 0,000




Appendix VIII. ANOVA RM analysis of tHb concentration change$®min.

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

vastus lateralis (VL)

DF1 DF2 F Sig.
2,04 2444 14,80 0,000
1 12 0,23 0,640
2,56 30,75 7,21 0,001
2,14 23,55 1,32 0,286
1 11 0,36 0,563
247 27,12 0,33 0,762
1,78 39,13 8,99 0,001
1,78 39,13 0,68 0,498

vastus medialis (VM)
DF1 DF2 F sig.

biceps femoris (BF)

2,43 29,2 19,89 0,000
1 12 4,16 0,064
1,78 21,34 598 0,011

2,22 24,4 1,68 0,206
1 11 1,92 0,149
1,82 20,06 2,44 0,117

2,1 46,21 29,69 0,000
2,1 46,21 0,54 0,593

gluteus maximus (Gmax)
DF1 DF2 F sig.

DF1 DF2 F sig.

Time 1,96 23,52 33,56 0,000
Intensity 1 12 9,33 0,010
Time*intensty 2,18 26,11 4,37 0,021
G30 vs. G<30

Time*groups 1,98 21,82 0,64 0,534
Intensity*groups 1 11 5,47 0,039
Time*intensity*groups 2,69 29,6 4,15 0,017
Group 1 vs. Group 2

Time 1,73 38,01 11,52 0,000
Time*groups 1,73 38,01 0,92 0,396

gastrocnemius latealis (GL)

DF1 DF2 F sig.

Time 1,96 2354 19,93 0,000
Intensity 1 12 2,56 0,136
Time*intensity 2,04 24,47 6,14 0,007
G30 vs. G<30

Time*groups 1,94 21,39 0,90 0,418
Intensity*groups 1 11 1,47 0,251
Time*intensity*groupg 2,09 22,99 121 0,319
Group 1 vs. Group 2

Time 1,95 42,78 7,44 0,002
Time*groups 1,95 42,78 0,07 0,925

238 285 32,47 0,000
1 12 4,02 0,068
1,78 21,35 535 0,016

243 26,67 1,74 0,190
1 11 0,01 0,947
1,68 1845 0,53 0,566

1,82 40,05 16,42 0,000
1,82 40,05 1,44 0,248

tibialis anterior (TA)
DF1 DF2 F Sig.

2,5 30 12,02 0,000
1 12 33,86 0,000
2,16 2594 17,87 0,000

248 2724 087 0,451
1 11 0,24 0,633
208 229 0,68 0,522

2,39 52,61 18,73 0,000
239 5261 045 0,674
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Appendix IX. ANOVA RM analysis of tHb concentration change300min.

vastus lateralis (VL)
DF1 DF2 F sig.
Time 10 50 25,24 0,000
Time*Intensty 10 50 19,22 0,001

vastus medialis (VM)
DF1 DF2 F sig.
Time 10 50 28,49 0,000
Time*Intensity 10 50 1,89 0,068

biceps femoris (BF)
DF1 DF2 F sig.
Time 10 50 12,43 0,000
Time*Intensity 10 50 3,30 0,002

gluteus maximus (Gmax)

DF1 DF2 F Sig.
Time 10 50 47,76 0,000
Time*Intensity 10 50 455 0,000

gastrocnemius lateralis (GL)
DF1 DF2 F Sig.
Time 10 50 17,44 0,000
Time*Intensity 10 50 2,76 0,009

tibialis anterior (TA)
DF1 DF2 F sig.
Time 10 50 5,43 0,000
Time*Intensity 10 50 6,73 0,000




Appendix X. ANOVA RM analysis of TSI respons€el8 min.

vastus lateralis (VL)

DF1 DF2 F sig.

Time 1,33 14,58 28,58 0,000
Intensity 1 11 48,14 0,000
Time*intensity 1,8 19,75 19,39 0,000
G30 vs. G<30

Time*groups 1,28 12,8 0,19 0,727
Intensity*groups 1 10 0,38 0,551
Time*intensity*groups 1,54 15,44 0,97 0,379
Group 1 vs. Group 2

Time 1,58 33,08 61,41 0,000
Time*groups 1,58 33,08 0,81 0,429

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

Time
Intensity
Time*intensity

G30 vs. G<30
Time*groups
Intensity*groups
Time*intensity*groups

Group 1 vs. Group 2
Time
Time*groups

biceps femoris (BF)

vastus medialis (VM)

DF1 DF2 F sig.
1,8 2156 50,11 0,000
1 12 33,53 0,000

2,48 29,77 17,87 0,000
1,73 19,03 0,30 0,714
1 11 0,03 0,863

2,42 26,65 054 0,623
1,92 42,16 70,60 0,000
1,92 42,16 1,17 0,323

gluteus maximus (Gmax)

DF1 DF2 F Sig. DF1 DF2 F Sig.

196 23,56 11,96 0,000 1,95 23,35 22,41 0,000

1 12 13,22 0,003 1 12 12,01 0,005
1,87 22,47 8,99 0,002 155 18,62 44,57 0,000
1,86 20,45 0,41 0,653 1,98 21,77 5,99 0,009

1 11 8,69 0,013 1 11 0,64 0,441
1,72 18,9 0,80 0,447 15 16,51 2,17 0,154
1,88 41,27 42,41 0,000 1,99 43,68 46,16 0,000
1,88 41,27 0,66 0,511 1,99 4368 0,31 0,947

gastrocnemius lateralis (GL)

tibialis anterior (TA)

DF1 DF2 F sig.
2,15 258 21,56 0,000
1 12 13,67 0,003
293 3518 11,44 0,000
2,28 251 2,23 0,122
1 11 2,69 0,129
2,89 31,81 0,34 0,790
3,02 66,33 27,36 0,000
3,02 66,33 1,36 0,263

DF1 DF2 sig.
3,27 39,22 8,91 0,000
1 12 17,51 0,001
3,17 38,02 11,42 0,000
326 3585 0,56 0,657
1 11 6,63 0,026
3,06 33,66 0,48 0,699
2,87 63,07 31,32 0,000
2,87 6307 1,12 0,355

57




Appendix XI. ANOVA RM analysis of TSI response30 min.

Time
Time*Intensity

Time
Time*Intensity

Time
Time*Intensity

Time
Time*Intensity

Time
Time*Intensity

Time
Time*Intensity

vastus lateralis (VL)

DF1 DF2 F sig.
10 40 1659 0,000
10 40 13,73 0,000
vastus medialis (VM)
DF1 DF2 F sig.
10 50 22,19 0,000
10 50 15,89 0,000
biceps femoris (BF)
DF1 DF2 F sig.
10 50 4,23 0,000
10 50 3,34 0,002
gluteus maximugGmax)
DF1 DF2 F sig.
10 50 7,20 0,000
10 50 7,97 0,000
gastrocnemius lateralis (GL)
DF1 DF2 F sig.
10 50 4,69 0,000
10 50 10,13 0,000
tibialis anterior (TA)
DF1 DF2 F sig.
10 50 3,61 0,001
10 50 7,21 0,000
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