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Abstract

Achieving a high cardio-respiratory fitness is pivotal in healthy and clinical populations, in
fact it is a strong predictor of mortality; in addition, since the most common daily activities are
carried out at submaximalintensities and require continuous transitions from one exercise intensity
to another one, also the rate of adjustment of pulmonary O2 uptake (i.e. VO, kinetics) is a key
feature that determine the exercise tolerance. Solid organ transplant recipients suffer from a reduced
maximal O2 consumption (V Ozmay) and previous studies suggested a remarkable contribution of the
peripheral, muscular factors, to this impairment. Likewise, pulmonary VO, kinetics is slower in
organ transplant recipients likely because of the oxidative metabolism defects of skeletal muscle that
affect these patients. In fact, organ transplant patients suffer from defects of the skeletal muscles
and these abnormalities are, likely, induced by the side effects of immunosuppressive therapies and
the deconditioning/disuse. It is of note that endurance training (ET) protocols carried out with a
small muscle mass (i.e. single leg cycling (SL)) result in greater improvements of the peripheral
factors affecting O2 diffusion and utilization if compared to ET performed with large muscle masses
(i.e. double leg cycling (DL)). Therefore, the effect of SL-ET vs DL-ET on VO,max and pulmonary
VO, kinetics (i.e. O2 deficit (O2Def)), mean response time (MRT) and the amplitude of the
pulmonary VO, slow component (SCamp)) were investigated inheart, kidney and liver transplanted
recipients (HTx, KTx and LTx, respectively). Moreover, the role of the cardiovascular, central, and
peripheral factors in affecting improvement after ET has never been quantified in these patients.
Therefore, the application of the multifactorial model of VQymax limitation is proposed in order to
determine the contributions of cardiovascular and local factors to better quantify the origin of the
main limitation of VO,max in these patients. 33 patients (HTx = 13, KTx = 11 and LTx = 9) were
recruited and divided in SL-ET and DL-ET groups and completed 24 sessions of ET. After the
exercise program, the SL-ET group increased the VO,max by 13.8% + 8.7 (p < 0.001) likely because
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of a larger maximal O2 systemic extraction. The DL-ET group increased the VQima by 18.6% +
12.7 (p < 0.001) due to the concomitant central and peripheral adaptations. However, no difference
was found for the VQym improvement (p = 0.237) between the two groups. Furthermore,
following the exercise program, SL-ET group decreased O2Def, MRT and Scamp by 16.4% (13.7) (p
=0.008), by 15.6% (13.7) (p = 0.004) and by 35% (31) (p = 0.002), respectively. Likewise, the DL-
ET group, O2Def, MRT and SCamp dropped by 24.9% (16.2) (p < 0.0001), by 25.9% (13.6) (p <
0.0001)and by 38% (52) (p = 0.0003), respectively. Additionally, the magnitude of improvement for
the O2Def, MRTand SCamp were not significantly different between SL-ET and DL-ET groups (p
=0.277,p=0.083 and p = 0.601, respectively).

In conclusion the results indicate that SL-ET is a valid ET typology, in fact was as effective as
DL-ET to improve i) VOamax and ii) pulmonary VO, kinetics in HTx, KTx and LTx. Finally, it is
suggested that the impaired peripheral O2 extraction and/or utilization play a remarkable and
important role, but not superior to the central factors, in limiting VOomax and exercise capacity in

this type of patients.



Introduction

The current PhD thesis comprises three parts. Firstly, the following themes are introduced and
illustrated: the general and descriptive physiology of maximal oxygen consumption in heathy
subjects, the central and peripheral factors limiting the maximal oxygen intake, the decline of the
cardio-respiratory fitness, the possiblemechanism behind this impairment in solid organ transplanted
patients (SOT) and the effect of small muscle mass exercise training in healthy and clinical
populations on the maximal and sub-maximal aerobic exercise related parameters. In the second
part, the main studies of the three years PhD experience are presented. This section addresses the
topic of the effect of endurance training on maximal oxygen consumption in SOT comparing two
different training modalities, namely dynamic exercise involving a small muscle mass opposedto the
one recruiting extensive muscle masses. In addition, an attempt is made to clarify if the central or
the peripheral factors are the main limiting components for the cardio-respiratory fitness in
transplanted patients. Afterwards, a study comparing the effect of above mentioned training
typologies on the pulmonary oxygen uptake kinetics in transplanted patients is presented.

Thirdly, the last part of the current thesis touches the other topics that the PhD student has
investigated during the last 3 years. Thus, this final section regards i) a study evaluating the level of
agreement and the repeatability of two non-invasive techniques for the cardiac output assessment
during exercise, ii) an investigation evaluating the assessment of skeletal muscle oxygen uptake
recovery kinetics, obtained by meansof the near-infrared spectroscopy and the repeated occlusions
method, during the recovery from cycle ergometer exercise and lastly, iii) a study investigating the
level of agreement and the repeatability of cardiac output determination, by means of Physioflow

device, in different types (constant load vs incremental) of maximal cycling exercises.



CHAPTER 1

General introduction



1.1) O2 cascade and maximal O2 consumption

In mammals, adenosine-triphosphate (ATP) is the key molecule where energy, produced by the
different metabolic pathways occurring in our cells, is stored in the form of chemical bonds,
therefore it is a pivotal compound (McArdle et al., 2010). Our cells can rely on aerobic and
anaerobic metabolic pathways in order to produce ATP; however, the contribution of those not
requiring Oz to the total energy homeostasis is marginaland of limited applicability. Therefore, the
aerobic energy-generating process must be able to fully satisfy the cellular metabolic needs. Indeed,
carbohydrates and lipids are processed to generate NADH and FADH2, molecules that contain
electrons with high transfer potent and, therefore, energy-rich. Subsequently and within the
mitochondria, those electrons are transferred to O, and, thanks to this step, energy is liberated and
immediately stored in the form of chemical bond linking inorganic phosphate (P;) to adenosine
diphosphate generating ATP, by the process known as oxidative phosphorylation. Conversely, when
ATP is broken-down, the liberated energy became available in order to fuel the diverse cellular
activities, for example, the contractileactivity of skeletal muscles (McArdle et al., 2010). Therefore,
Oy is crucial for the human beings: thanks to it, our cells are able to synthesize aerobically ATP,
through the oxidative phosphorylation, to supply the metabolic demands and guarantee the
homeostatic condition, both at rest and during exercise. It is noteworthy that i) muscles do not
benefit from a large content of ATP (~ 8 mmol - kg™! wet weight of muscle), ii) these ATP storages
are kept relatively stable and, to some extent, preserved even during intense exercise to exhaustion,
thus iii) this imply that ATP must be regenerated at the very same rate with which it is utilised
(Barker et al. 2010). O, must travel fromthe ambient air across the human organism to reach the
mitochondria where it is used for energetic purposes; this pathway is well known as the O, cascade
and represent all the, in series, steps that O2 must travel to reachthe intracellular environment (di

Prampero & Ferretti, 1990).



The respiratory system through the ventilation, allows the O, of the atmosphere to reach the
alveolar-capillary units where, thanks to the pressure gradient occurring across the alveolar-
capillary membrane, the O; diffuses into the blood where it binds to the haemoglobin (Hb) located
within the red blood cells (McArdle et al., 2010). Subsequently, the cardiovascular system pumps
arterialized blood to the whole body and, thanks to the complex network of arterial vessels, O is
delivered to the tissues. At peripheral level, blood flow converges in the capillary network that
surround other tissues and the skeletal muscles, wherein peripheral gasexchanges occur. In fact, the
O2 carried by the red blood cells, detach from Hb and diffuses into the myocytes; contrariwise, the
carbon dioxide (CO2), deriving from the metabolic activity, diffuses into the blood loading the free
binding sites of Hb (Bassett & Howley, 2000). Thereafter, the de-oxygenated blood continues its
course in the circulatory three reaching again the alveolar-capillary in order to excrete the CO2,
newly bind O2 and re-start the same cycle. Once O2 has diffused inside the myocytes, it is utilised
through the electron transport chain, within the mitochondria, for the aerobic re-synthesis of ATP
(Bassett & Howley, 2000).

The systemic oxygen consumption (V Omax) in resting conditions correspond, on average, to 3-
4 mL - min™ - kg™ of body mass or 150-400 mL - min™! for a young healthy human weighing 50-100
kg (Joyner & Casey, 2015). On the other hand, this scenario deeply changes during exercise,
especially in the case of exercise performed with large muscle mass: the oxygen utilization of the
skeletal muscle undergoes to a remarkable increase in order to support the elevated metabolic rate,
reaching values between 30-90 mL- min'- kg™! of body mass. This increment is linearly related to
the metabolic demand imposed by the motor task and its maximal level depends on several factors,
such as level of physical activity, age, gender and poorly understoodgenetics (Joyner & Casey, 2015).
As mentioned before, during physical activity VO, undergoes to a considerable augmentation in

response to the external power requirement; however, is clear that it does not increases boundless.
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The increment shows an upper limit that was highlighted for the first time by Hill and Lupton
(1923). The two researcher, with their experimental works, reached the following conclusions: 1)
VO, has an upper limit, the so called maximal O2 consumption (VO,max), ii) VO,max may be
principally due to the limitation of cardiovascular system to deliver O2 to the working muscles,
iii) there is no universal value of VO,max, instead there are individual maximal rates of O2 intake
for each person, iv) VO,max is a prerequisite for success in middle and long-distance running
(Bassett & Howley, 2000). Point (1) is especially noteworthy and implies additional explanations.
Once the subject has reached his / her VOamax, further increments in external workload (f.i. speed of
running or work rate) are not matched by a further increase of VQ,. In other words, a so called
plateau has been attained (Bassett & Howley, 2000; Hawkins et al., 2007; Levine, 2008). However,
not all subjects show a clear plateau when they are stressed up to maximal effort: at least 50% of
practitionersdo not attain it (Howley et, 1995; Duncan et al., 1997; Bassett & Howley, 2000). Hence,
secondary criteria have to be applied to verify if the exercising subject reached his / her maximal limit
in absence of a clear VO, plateau: (1) a the attainment of at least 85% of the age-predicted maximal
heart rate; (2) a respiratory exchange ratio value > 1.1; (3) blood lactate concentration higher than
10 mM at maximal exercise; and (4) a rate of perceived exertion on the Borg scale, at least, of 19/20
(Astrand et al., 2003). When at least two of these subsidiary criteria for VOamax establishment are
met at the end of the test, there is sufficiently high guarantee that is terminated when subject
reached exertion and likely the VO, (Howley et al., 1995). However, these criteria were recently
criticized (Poole et al 2008), but they are still used to determine if subjects reached true exhaustion
at the end of a maximal test (Zuccarelli et al,, 2020). Recently, exercise protocols have been
introduced to overcome this problem, which is particularly frequent when a cycling ramp test is used
to evaluate VO,max. Briefly, after the end of an incremental steps and/or ramp maximal test, a

verification phase is implemented after that the subject recovers for 5 minutes. For this latter
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exercise, the subject resumes pedalling or running at mechanical power or velocity equal to 105% of
that attained at the end of the first test (Poole et al., 2008). If a true VOamax Was reached during the
incremental steps and/or ramp maximal exercise, a further test performed at a greater mechanical
power or velocity should not elicit a greater VQOymay value. However, contrasting findings have
indicated that the verification phase is not supported by the experimental data (Green & Askew,
2018; Murias et al., 2018; lannetta et al., 2020; Possamai et al.,, 2020; Wagner et al., 2021);
moreover, no studies have investigated the validity and feasibility of the verification phase in
different patient populations. Despite this, when possible, the implementation of the verification
phase during maximal exercise testing could be valuable. The difficulty met in obtaining, in some
circumstances, a clear plateau of VO, during a maximal test has convinced some authors to
introduce the definition of peak O2 consumption (VO2peak). This is the highest value of VO,
reached by the subject during a maximal test. It is also of remarkable importance to note that theterm
refers to the highest value of V02 measured at exhaustion during a maximal test when we cannot
show any clear plateau also in the presence of some of the validating criteria. VO2max has been
always one of the most popular measurement in the exercise physiology. However, some confusion
still exists concerning the definitions and terminology used to define terms related to it. As a
matter of fact, the same meaning is often attributed to the terms maximal aerobic power and
capacity. It is essential to differentiate these denominations the former is basically VO,max
expressed in the appropriate units of power, i.e. is the maximal rate of the aerobic synthesis of ATP, in
turn proportional to VO,max (Basset & Howley, 2000). The latter, i.e. the aerobic capacity, denotes
the total chemical energy available from the aerobic metabolism to perform work and, despite
different parameters used to estimate it (e.g. time to exhaustion and endurance performance), no
single index of aerobic capacity is accepted yet (Malina et al., 2004). After its first characterization,

VO,max has been widely examined by researchers and sport scientists who have provided a huge
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body of knowledge regarding its predictive meaning in exercise physiology. They demonstrated that
VO,max is up to twice as much in endurance athletes compared with sedentary individuals.
Moreover, they soon understood the importance to express VO,max in relative terms - normalized
to body mass (mL - min™' - kg!) or in absolute terms (L-min™) - in the case the athletes perform or
do not perform activities that foresee antigravitational work, like in uphill cycling, or not, like in
cycling on flat tracks. (Ferretti, 2014; Saltin & Astrand, 1967). Men are typically characterized by
VOomax 15 - 30% larger than women and this discrepancy is likely due to difference in body mass
composition and total haemoglobin mass; this difference between sexes is maintained even
considering the decline of VO,max with aging (Talbot et al., 2000). VO,max decreases with age. In
fact, after around 25 years old, it declines steadily at a rate of about 1% per year, with athletes
maintaining higher values along the entire life span; this fall is largely consequence of the decrease
of maximal heart rate and of the development of muscle hypotrophy and it is augmented in the
oldest ages (Ferretti, 2014). Therefore, endurance training, with both continuous or intervals-
training protocols, produces two main effects: from one side it leads to an increase of VO,max, from
the other one it slows down its decline induced by the aging (Ferretti, 2014). By the other hand the
opposite occurs with prolonged inactivity (Ferretti, 2014; Ferretti & Capelli, 2009). Training and
detraining are not the only interventions that induce the modification of the VOamay; in fact, several
other conditions can cause alterations of the maximal aerobic power. Indeed, it has been shown that
VO,max diminishes both in acute and chronic hypoxia: it is reduced progressively and linearly by
0.6% per 100m of altitude (Ferretti, 2014; Levine, 2008; Wehrlin & Hallén, 2006). However,
breathing elevated oxygen pressure gases leads only to a slight, if any, raise in VOamax and the effect
of hyperoxia is particularly evident in athletes with very high maximal cardiac output (Qmax) Who
undergo a progressive exercise-induced hypoxemia as the intensity increases. This phenomenon,

also known as Dempsey effect, is due to the progressive shortening of the transit time of the blood

12



along the capillary of the lung. This prevents the attainment of the equilibrium between the partial
pressure of Oy in the alveolar air with that of the blood at the end of the capillary. The effects of
acute manipulation of cardiovascular oxygen transport system on VO,max Were also investigated,
showing that VO,may is lower in subject affected by acute anemia than in healthy individuals and
higher in acute polycythaemia compared with heathy subjects (Ferretti, 2014). As it will be
explained below, the alterations of VQymax are mainly associated with consensual changes of Qmax,
although also peripheral adaptations, such as variations in muscle capillarity, mitochondrial volume
density and muscle oxidative enzyme activities are capable to induce long-term adaptations of
V Oamax. No wonder, therefore, it has been demonstrated a strong relationship between VQamax and
Qumax; indeed, selective and non-selective beta-adrenergic blockade, causing a drop of maximal heart
rate (HR), were shown to decrease VOomax in healthy and well trained men (Kaiser et al., 1986).
Furthermore, after 90 days of bed rest exposure, the fast component of VO,max decline was reported
to be strongly related with the decreasing of Qmax; however, the slow component of VOymay decrese
was associate to the negative alterations of peripheral gas exchange, resulting probably the
development of muscle hypotrophy. (Ferretti, 2014; Ferretti & Capelli, 2009). As a matter of fact,
the relationship between cardiac Qmax and VOamay is illustrated by the Fick’s principle, where VO, is

given by ( times the arteriovenous oxygen difference (a-v02diff),

V0O,=0Q - (a-002diff) (1.
where

Q = Stroke Volume (SV) - Heart Rate (HR) (2.
Therefore

V0, =(SV - HR) - (a-702diff) Q3.

As such, this equation suggests that V Oy is strictly reflected by the ability of the cardiovascular
13



system to deliver oxygen to exercising muscles and to the capability of metabolically active tissues to
extract and utilizeO,. Consequently, in the latter equation is shown that the interaction of central and
peripheral physiological factors is a key element for the investigation concerning the VO, (Tanner&

Gore, 2013). If we apply Fick’s equation to the maximal exercise condition, the VQymax 1S

determined by the product between Qmax and the maximal arteriovenous oxygen difference (a-

v02diff)max, as follow:

VOZmaX = QmaX' (a-1702d1ff)max (4

1.2) Limiting factors of VOmax

As mentioned above, the O2 uptake of a subject who is performing a maximal effort does not
increase boundless, but it reaches a phase of plateau where further augmentation in power output are
not followed by any raising in VO,, showing that maximal oxygen consumption must be limited at
some level along the respiratory system (Hawkins et al. 2007; Ferretti, 2014). Taking into account
the Fick’s equation applied to maximal condition, VOymax = Qmax * (a-702diff)max, and recalling
that Qmax is given by SVmax times HRmax, we can understand that Oy is restrained by both
systemic and peripheral components (Basset & Howley, 2000). The quest for the main limiting
factors of VO, has stirred a heated scientific debate between who hypothesized only a main
limiting factor, either peripheral or central, and who are in favor of a multifactorial limitation. The
pathway for O2 from the atmosphere to the mitochondria follows a series of steps, each of which
may produce a potential limiting effect to O2 flux. The physiological factors that could limit ¥ Oapax
namely are: the pulmonary diffusing capacity, the maximal systemic O2 delivery (Q,Omay), the
oxygen carrying capacity of the blood and the skeletal muscle characteristics (Basset & Howley,

2000). The first three are usually classified as “central” factors and the last one is defined as
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“peripheral”. A brief explanation of these components will follow. However, I will not explain this
topic in details since it is beyond the main aim of the present investigation. Nevertheless, I consider
important to outline it in order to understand the cause-effect relationship between VOamax and Qpmax.
Considering the pulmonary system, in the average individual exercising at submaximal and
maximal level, lungs perform their function saturating arterial blood with O, extremely well, as
arterial oxygen saturation (%S,0,) remains around 95% across a broad range of exercise intensities.
However, it has been already mentioned that highly trained endurance athletes undergo substantial
arterial O, desaturation when exercising at maximal intensity compared with less trained or un-fit
individuals. High level, trained enduranceathletes have a much higher Qmax than untrained (40 vs 25
L-min™"). This leads to the decrease of the transit time of the blood in the pulmonary capillary.
Consequently, there may not be enough time to attain the equilibrium between the partial pressure
of O, in the alveoli and that prevailing at the end of the capillary, therefore the erythrocytes leaving
the lungs are not fully loaded with O, (Dempsey et al., 1984; Levine, 2008). This condition was
defined exercise-induced arterial hypoxemia (EIAH) (Dempsey, 1986). Furthermore, thisscenario is
extremely evident in hypoxic condition, for instance exercising at moderately high altitudes (3,000
-5,000 m), and in patients with chronic obstructive pulmonary disease (COPD) thatare characterized
by an impairment of the diffusion capacity of lungs. When these conditions are met, the pulmonary
system represents a factor limiting the VOymx (Levine, 2008; Basset & Howley, 2000). Qmax
represents the main factor affecting ,02max When blood O2 carrying capacity is fixed to the value of

200 mL O2 / L of'blood (i.e. with [Hb] in the range of normal values):

QaOZmax = Q max” Ca0O2 (5

The raised Q is the main responsible for the increased (0,0, to working muscles, that in turns
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can benefit from a higher amount of O, due to the greater blood flow (Wilmore et al., 2011). By
changing, acutely, the (Hb) content of the blood we can manipulate O, transport to the skeletal
muscles. In this case, the VOymax can be consensually modified; for instance, by using autologous
blood transfusion or blood withdrawal, alteration in the VQsmay are achieved (Basset & Howley,
2000). In fact, it has been reported that the reinfusion of 900-1,350 mL of blood elevates the
oxygen carrying capacity of the blood, leading to an increase of 4-9% of VOymay (Gledhill, 1982).
As a matter of fact, by using a multifactorial model of the limiting factors of VQimay it can be
estimated that the systemic QaOZmax is responsible for 75-80% overall limitation to the VQapmax When
exercise with large muscles mass is performed at sea level by healthy subjects (di Prampero &
Ferretti, 1990). Researchers have also deeply investigated the role of peripheral factors as
potential constraints of VOamax. Some authors have reported that endurance athletes have not only
higher Q. but also a larger fractionof type I oxidative muscle fibers, a greater capillary density
and a higher activity of oxidative enzymes when compared with untrained individuals (Hoppeler &
Weibel, 2000). Then, it has been also found that aerobic training increases the muscle capillary
supply, muscle mitochondrial volume and muscle oxidative enzyme activities (Andersen &
Henriksson, 1977; Costill et al.,, 1976). Furthermore, it was shown that the VQymax Of altitude-
acclimatized subjects in chronic hypoxia, when exposed to normoxic gas mixtures, did not return to
the pre-acclimatization levels (Cerretelli, 1976), meaning that a possible decrease in muscle mass and
oxidativecapacity induced by altitude acclimatization might be responsible for this phenomena. On
the base of these findings, some researchers concluded that muscle oxidative capacity, rather than
cardiovascular oxygen transport, was the limiting element for the VOomax and also a highly
significant relationship between VOoyma and both mitochondrial mass and capillary density was
established (Hoppeler, 1990). Moreover, Saltin et al. (1985) observed the behavior of a small muscle

mass performing a maximal effort and two interesting findings have been reported: 1) a great portion
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of ) was flowing to the isolated area; ii) the VOapea determined in the working small muscle mass
was 2-3 times higher than the one measured in the same muscle group during a whole-body
maximal exercise. Therefore, they concluded that skeletal muscles have a huge capacity to increase
blood supply and VO,, being somehow “flooded” by blood during exercise performed with small
group of muscles. In this case, therefore, VOzpeak is not limited by O, delivery, but peripheral factors.
Moreover, we can also hypothesize that vascular resistances in the muscular vascular bed during
exercise performed by using large masses of muscle do not decrease to such an extent to induce
hypotension as it would be the case during exercise performed with a limited mass of muscle.

In conclusion, nowadays in the exercise physiology field is accepted that if we consider the
factors limiting VO,max We have to specify the type and conditions of exercise. In normoxia and
during whole-body exercise VQymax is mainly limited by central factors; by contrast, when a
maximal effort is performed by recruiting a small mass of muscle, VOamay is primarily limited by the

peripheral factors (Basset & Howley, 2000; Levine 2008).

1.3) The multifactorial model of VOzmay limitations

The role of central and peripheral factors to set the limitation to whole body VOamax can be quantified
in the light of the multifactorial model of di Prampero (di Prampero, 2003; di Prampero & Ferretti,
1990). In fact, other studies applied this line of reasoning in order to disclose the role of cardiovascular
and/or muscular alteration (i.e. micro-gravity and supine vs upright exercise) on VOamax (Bringard et
al., 2010; Capelli et al., 2006).

The oxygen cascade, i.e. the progressive drop of the PO along the pathway from air to mitochondria,
is composed by several steps in series, each one could be considered as a resistance (R;) that has to be
overtaken by a pressure gradient (AP;). The oxygen flow, through each resistance, whenever we are at

steady-state and/or when we are at VOamax, can be described as
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. AP} AP;
VOomax=——= —

— (A1
where Rr represents the total resistance to the oxygen flow that has to be overtaken by APr that
corresponds to the total pressure gradient. Considering that the resistances are located in-series, the
sum of the whole pool of individual R; gives Ryz; likewise, APris given by the sum of all individual

AP;, and it corresponds to:

AP7=Pio2 = Pmo2 (A2),

Where Pio2 and Pmo2 respectively represent the partial pressure of oxygen in inspired ambient air and

in the mitochondria, usually set to 0 mmHg, and for # resistance in series, we have:

(A3);

where AP, corresponds to the individual O partial pressure difference needed to overcome the
corresponding R,.

In normoxia, AP7 remains constant also in presence of marked modifications of VOamax induced, f.i. by
training or immobilization. Therefore, the observed modification in VOamax Will be induced either by
the reduction or increase of Rz, in turn affected by the consensual modifications of one or more of its
elements in series, R;. In fact, if we develop the algebra of the model after having imposed a given

modification of VOamax, We obtain:
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V O+ AV O = i (A%);

where VOamax + AVOomax is the change in AV Oamax caused by a modification in Rr (AR7). In Eq. (A4)
VOamax represents the value preceding the intervention and VOamax + AV Ozmay is the value obtained in

response to the intervention: an increase of VOamax Will correspond to a decrease of Rr (ARr will be

negative) and vice versa. Dividing Egs. (A3) by (A4), we will then obtain the following expression:

VQ ART
— Youmax g AR (AS),
Voomaxt AV02max Rr

which can be also written as follows:

VOZmaX _ 1+ AR +AR,+ ..~+AR(n_1)+ARn (A6a)
Voomaxt AV02max Rr
or:

VO2max =1+ ARy 4 4Rz + 4+ ARm-1) + ARp (A6b)
Voomaxt AV02max R Rr Rr Rr

We now can also introduce the concept that the fraction F; of the total limitation to VOamax represented

by any given individual R; is simply the ratio between a given resistance R; and Rz

F,= =i (A7)
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Therefore, (A6b) can be expressed by substituting Rr with the corresponding F; to obtain:

VO max -1+ Fi-ARy | F2ARp | +F(n—1)'AR(n—1) 4 FnARy (AS)

+AVo, o Ry R, o R(n-1) j:

Voomax

If one and only one of the in-series resistances underwent a modification leading to a change in
V O2max, the approach summarised in Eq. (A8) can be substantially simplified, in fact all the other ratios
will be zero, with exception of the one referred to modified resistance. For instance, should only the

cardiovascular resistance R, be acutely changed, Eq (A8) can be written as follows:

Vo, max =1+ Fg-ARg

Voomaxt AV02max Rq

(A9).

Now Fq represents the fractional limitation imposed by Rq to VOamax. The theoretical line reported in
Fig 1 (see below) is algebraically represented by Eq. (A9) and it was obtained in the particular case
where only R was acutely changed and the consequent and corresponding increases-decreases in
VOamax measured. In this case, if we plot on the y-axis the ratio of the values preceding and following
the intervention (left arm of Eq. (A9) as a function of the corresponding ARq / Rg, a linear relationship
is drawn having the y-intercept and the slope equal to 1 and Fq (slopes of lines in Fig 4 and 5),
respectively. Rq is the reciprocal of Q multiplied by the oxygen transfer coefficient in the blood phase

(Bb), that in turns corresponds to the average slope of the oxygen equilibrium curve:

1 1 1
Ro=—"=- = Al10
Q Q- ﬁb Q: CaOZ QaOZ ( )7

where Q.0 represents the systemic, bulk O delivery. In the case of acute modifications of Qa02max,
and hence of Rq, Fq turned out to be equal to about 0.70-0.75. This indicates that maximal systemic O»
delivery accounts for about 70 % of the total factors limiting VOamax downstream the lungs, the

remaining 30 % being represented by all the lumped peripheral factors. In order to better highlight this
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concept, we can perform a hypothetical experiments wherein we are able to double Q.Ozmax. This
increase in maximal Oz delivery will increase VOamax by about 70-75 %.

Even if Bb is not assessed, the SpO. does not substantially change in response to a training
intervention, only modifications in arterial oxygen concentration (CaO2) might lead to changes in b,
as we properly considered in the calculations. Furthermore, another example might help to better
realize the practical application of this insightful model, in fact figure 1, taken from Ferretti and
Capelli (2009), illustrates the graphical representation of the algebra describing di Prampero’s
multifactorial model. More precisely, the figure at stake represents the modifications in maximal
oxygen consumption, given by the ratio between the values before (V Oamay) and after (VOamax + A) the
modifications, as a function of ARq/RQ, where ARq is the induced change in the cardiovascular
resistance to VOamax and Rgq is the very same resistance before the alteration taken in consideration. If
we considered that one and only one resistance along the oxygen pathway is modified (Rq in the
current context), this would cause VOamax changes such that the relation between the two parameters
on y- and x-axes turns out linear, with y-intercept equal to 1 and slope equal to the fractional limitation
to VOamax imposed by the resistance at stake (Fq in the current context). The line drawn in Fig 1 is
theoretical and has a slope of 0.70, corresponding to the Fq value reported by di Prampero and Ferretti
(1990) for humans in normobaric condition. Moreover, the data showed in the legend, belong to to
three bed rest investigations. It is noteworthy that the data-point for the 14- and 42 days of
immobilisation are located close to the theoretical line at stake, whereas the 90-days immobilisation
data-points lie well beyond. In other words, in the first case (i.e. 14- and 42 days of bed rest), the
modification in Rq completely explained the changes in VOamax found following the period of
immobilisation; on the other hand, in the second condition (i.e. 90-days of bed rest) the modification in
VO2max Were greater than that can be estimated by supposing a change only in Rq, implying that the

alteration of another resistance must be put into play, namely the peripheral resistance R,.
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Figure 1. Graphical representation of the multifactorial model of VQymay limitations, taken from
(Ferretti & Capelli, 2009). The black strait line represents the theoretical line with slope of 0.70 and
intercept 1 (di Prampero & Ferretti, 1990). The full black and withe dots are the data-point for the
14-day and 42-day of bedrest campaigns, respectively. The cross stand for the data-point for the 90-
day of bed rest study. For further details see the text (paragraph “The multifactorial model of

V Oomax limitations”).
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1.4) The importance of exercise training as a lifestyle in health and diseases

Exercise training is essential in order to increase the VQapmay and to excel in endurance sporting
events and is also a key behavior that strongly affects the health condition of human beings
(Ferretti, 2014). Asa matter of fact, the inadequate level of physical activity was identified as the
fourth leading risk factor (https://www.ncbi.nlm.nih.gov/books/NBK305057/) for the incidence of
non-communicable diseases (i.e. cardiovascular disease and diabetes). The prevalence of insufficient
physical activity (i.e. 150 minutes of moderate intensity aerobic activity every week or 75 min of vigorous-
inteisty activity) amounted to almost 50% and 40% for women and men, respectively, belonging to
USA regions adhering to World Health Organization in 2008; furthermore, globally physical
inactivity amount to 31% in male adult population, causing by 3.2 million of deaths each year
(https://www.who.int/dietphysicalactivity/factsheet_inactivity/en/). In addition, peak exercise
capacity, expressed in terms of metabolic equivalents (MET), has been found to be a powerful
predictor of mortality, indeed the risk of death for any cause in subjects reaching less than 5 MET was
estimatedto be double than in subjects with 8 or more MET; furthermore, it was also observed that
for every increase inl MET, the survival rate is raised by 12% (Myers et al., 2002).

In spite of this, physical activity is not the only one modifiable risk factor for the development
of chronic diseases (https://www.who.int/chp/chronic_disease_report/media/Factsheet1.pdf);
hypertension (i.e. systemic blood pressure >140/90), abnormal blood glucose level, elevated blood
lipids (i.e. dyslipidemia) and excess body fat (i.e. overweight and obesity) fall into this category
(Fontana et al., 2007). As a matter of fact, hypertension is the most common preventable risk factor
for the cardiovascular disease (Pescatello et al, 2015), dyslipidemia and, more precisely the
elevated concentration of the low density lipoprotein cholesterol, is associated with higher risk of
cardiovascular disease, coronary artery disease and stroke (Brunzell et al., 2008). Furthermore, the
increased visceral adiposity (i.e. mesenteric and omental fat) induces insulin resistance (i.e. greater
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plasma insulin during a glucose tolerance test) (Borst et al., 2005) by the production of resistin
(Fontana et al., 2007) and increases the low-grade systemic inflammation caused by the release of
pro- inflammatory cytokines (Shin et al., 2019). Both, insulin resistance and low-grade systemic
inflammation, in turns, are established risk factors for chronic diseases (Fontana et al., 2007). In
addition, the lack of chronic exposure to physical activity is one of the causes responsible for
development of sarcopenia, that is a conditionclinically defined by low muscle mass, functional
decline of mobility and muscle strength (Migliavacca et al.,2019). In fact, the loss of muscle mass of
lower limbs was reported after just 2 day of leg immobilisationa (Kilroe et al., 2020) and after 5
(Mulder et al., 2015) to 10 days of bed rest (Suzukiet al., 1994) and this muscle hypotrophy, at least
in part, can be responsible for the reduced cardio-respiratory fitness due to the deleterious effect of
immobilisation on peripheral gas exchanges (Capelli et al., 2006; Ferretti & Capelli, 2009). The
prevalence estimate of sarcopenia amount from 2 to 20% in community dwelling older people;
however, it can reach up to 33% among patients in long term care (Cruz-Jentoft et al., 2014);
furthermore, the sarcopenia turned out to be a predictor for disability and mortality (Cruz-Jentoft &
Sayer, 2019) and this condition is also associate to an increased mortality in SOT (Englesbe et al.,
2010).

It is noteworthy that SOT suffer from a remarkable development of cardiovascular diseases
and its associated risk factors, which in turns represent one of the leading causes of morbidity and
mortality in this clinical population (Warden & Duell, 2019). In fact, in kidney transplant recipients
(KTx) dyslipidemia is observed in 50 to 60% of the patients, hypertension is detected in > 70% of
KTx and the new onset-diabetes has a cumulative incidence that raises with the post-transplant time,
being about 6 % and 29.8% after 6 monthand 15 years from the transplant, respectively (Gill, 2008).
Liver transplanted recipients (LTx) have a higher risk of cardiovascular deaths and ischemic events

if compared with the age- and sex-matched peers (Johnson et al. 2002); in fact, a previous study
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investigating a group of 110 LTx, reported that 44% and 69% of them were found with
dyslipidemia and hypertension, respectively (Johnson et al. 2002). In addition, data from
retrospective studies indicated that the accumulated incidence for the onset of post-transplant diabetes
mellitus amounted to ~40%, after 5 years, in LTx (Jenssen & Hartmann, 2019). Furthermore,
sarcopenia is a condition that commonly affects LTx (Kallwitz, 2015) and it is associated with
increased mortality in this patients. Indeed, Englesbe and colleagues (2010) previously showed
strong association between psoas area and post- transplantation mortality in LTx. These researchers
found that the risk of mortality was inversely related to thepsoas area; in fact, they estimated that the
hazard ratio increased by 3.7 per 1000 mm? decline in the total psoasarea (Englesbe et al., 2010).
Previous studies found that the 12-month cumulative incidence of new onset diabetes of 13%
(Bodziak & Hricik, 2009) on heart transplanted recipients (HTx), furthermore a systematic review
pointed out that the incidence of new onset diabetes in HTx ranged from 7% to 26% (Heisel et
al. 2004). Dyslipidemia affect about 60% to 81% of HTx and the elevated total cholesterol has been
indicated as a predictor of mortality for HTx (Arora et al., 2009); in addition, the incidence of
hypertension has increased to 90% of HTx (Urs et al., 1990).

It is noteworthy that physical activity is a modifiable risk factor, in fact several pieces of
evidences demonstrated that a regular endurance exercise training is extremely effective in order to
increase the peak exercise capacity and, as highlighted previously, reducing the risk of mortality if
compared to sedentary individuals in both healthy subjects and patients (Myers et al., 2002). Indeed,
physical activity can be implied as a preventive therapy for non-communicable diseases given its
efficacy in preventing and controlling the cardio-metabolic risk factors (Warburton et al., 2006).
Previous studies showed the benefits of physical activity in reducing the risk of death from any
cause and from cardiovascular disease; in fact, a higher than 50% reduction in the risk was

correlated with being fit or active (Myers et al.,, 2004). Furthermore, for each 2000-kcal- wk!
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increment in energy expenditure, obtained by physical activity, there is a 24% reduction in the risk of
developing noninsulin-dependent diabetes mellitus (Helmrich et al. 1994). Physical activity
positively influences also resting systemic blood pressure, in fact after a single bout of aerobic
exercise an immediate decrease in resting systemic blood pressure of 5-7 mmHg occurs in subjects
affected by hypertension, phenomenon known as post-exercise hypotension which last up to 24h
(Kenney & Seals, 1993; Pescatello & Kulikowich, 2001). However, the beneficial effect of physical
activity on blood pressure extends also to the chronic repetition of exercise sessions, that has been
reported as an effective intervention in order to lower blood pressure. Indeed, several metanalysis
pointed out that exercise training decreased systolic blood pressure by 5-6 mmHg in hypertensive
adults (Costa et al., 2018; Leal et al.,2020) and this amelioration has been associated with a 7-14%
lower incidence of all-cause mortality, stroke, and coronary heart disease (Costa et al., 2018).
Therefore, participation in regular exercise is recognized as powerful modifiable determinant of
hypertension.

Physical activity, if applied properly, turned out to be useful in order to reduce the
dyslipidemia (i.e. increased concentration of low density lipoprotein cholesterol), body weight and
the visceral adiposity in normal weight, over-weight and obese subjects (Fontana et al., 2007; Miller
et al., 1997). By the other hand, itwas reported that lowering the level of daily physical activity, by
means of daily steps reduction (i.e. from 10000 to 1500 steps per day), increases the visceral fat
mass by 7% and resulted in the development of metabolic unfavorable modifications, suggestive of
decreased insulin sensitivity, in only 3 weeks in healthy men (Olsen et al., 2008).

Therefore, it seems clear that regular exercise training is an optimal strategy to manage the
active role of the modifiable factors, reducing the incidence of cardiovascular and other chronic
diseases. Since the cardio-metabolic alterations, leading to the non-communicable diseases, are

common in HTx, LTx and KTx, it is of pivotal importance to submit SOT patients to structured
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physical activity programs. However, the optimal exercise prescription has not yet been found;
indeed, several issues limit the cardio-respiratory fitness and the exercise capacity in this class of

patients (Williams and McKenzy, 2012).

1.5) Solid organ transplanted recipient and their exercise limitations

Several pieces of evidence reported that SOT suffer from a reduced cardio-respiratory fitness
and exercise capacity, indeed they do not reach the predicted level for their, age and sex matched
healthy counterparts (Williams & McKenna, 2012). It is noteworthy that these patients are affected
by skeletal muscle dysfunctions. As a matter of fact, the detrimental drawbacks induced by the
immunosuppressive therapy (i.e. cyclosporine and/or corticosteroids) can be the main cause for
these abnormalities (Hokanson et al., 1995; Mercier et al., 1995; Lampert et al., 1998; Williams &
McKenna, 2012). Previous studies on mice skeletal muscle reported that cyclosporine negatively
altered the respiratory function of mitochondria, more precisely affecting state 3 and uncoupled
mitochondrial respiration (Hokanson et al., 1995); moreover, it was reported that the suppression of
muscle mitochondrial electron chain capacity, induced by cyclosporine administration, impaired
endurance exercise performance in mice (Mercier et al., 1995). Accordingly, abnormalities in the
oxidative metabolism of skeletal muscle have been reported in SOT (Williams & McKenna, 2012).
Kempeneers et al. 1990 showed the presence, in the m. vastus lateralis, of impaired skeletal muscle
oxidative capacity and the skeletal muscle fiber distribution was only 33% of type I fibers in
relatively young KTx (i.e. 33 years on average) under immunosuppressive therapy (Kempeneers et
al., 1990). Previous studies showed that, in the m. vastus lateralisof healthy and young subjects the
type I fibers distribution amount to 49% and 55% on average in female and men, respectively (Komi
& Karlson, 1978). This suggests that the study of Kempeneers et al., highlighted an abnormal

muscle fiber type shift in KTx. In addition, a reduced cross sectional area of muscle fibers, a drop in
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mitochondrial volume density and an inferior myofibril volume density was also evident on a
sedentary homozygotes twin, after receiving the kidney transplant from his sibling, suggesting that
peripheral dysfunctions might exist also in the absence of immunosuppressant medications (Painter
et al., 2003). Severalpieces of evidence reported the presence of skeletal muscle alterations in HTx
induced by both the deleterious effect of chronic heart failure and immunosuppressive therapy
(Braith et al., 2005; Bussieres et al., 1997; Stratom et al., 1994). In addition, Lampert and colleagues
showed that sedentary HTx, when comparted to theheathy matched control group, display a reduced
capillary density and capillary-to-fiber ratio (Lampert et al., 1996, Lampert et al., 1998). This
deficiency can be ascribed, at least in part, to the detrimental side effect induced by cyclosporine on
angiogenesis and endothelial function (Petrakopoulou et al., 2006; Ramzy et al., 2005). Regarding
LTx, sarcopenia is often reported in these patients (Kallwitz, 2015) and it was demonstratedthat is a
pathological condition characterized by mitochondrial bioenergetics dysfunction, with negative
alterations impairing the oxidative metabolism of skeletal muscle (Migliavacca et al., 2019). As
previously explained, capillary density and mitochondrial enzyme levels are the components that

determine the peripheralgas exchanges, which in turns provide the 20-30 % of V Oamax limitation in

healthy subject exercising with large muscle masses in normoxia (Bassett & Howley, 2000).
Therefore, if both dysfunction in oxidative metabolism and, likely, a reduced capillary density
affects the skeletal muscles of HTx, KTx and LTx, the peripheral gas exchanges would be impaired
in this class of patients. This body of evidence has prompted some authors to argue that the
cardio-respiratory fitness and the exercise capacity might be remarkably limited by the muscular
factors in SOT (Williams & McKenna, 2012). This hypothesis is also supported by previous studies;
indeed, Kempeneers and colleagues, reported that, even after 6 months of whole body (i.e. running)
endurance exercise training, the oxidative metabolism was still impaired and the negative

morphological alterations were still present in the vastus lateralis muscle of the investigated
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transplanted patients. In fact, it was found a higher proportion of type II fibers and a lower oxidative
capacity, reduced approximatelyby 37%, when compared to healthy subjects (Kempeneers et al.,
1990). It is noteworthy, that the exercise training was effective in order to ameliorate the cardio-
respiratory fitness and skeletal muscle function in KTx; however, the presence of skeletal muscle
defects even after the training period lead the authors to argue that the exercise capacity in KTx
might be mainly limited by the peripheral rather than the central factors (Kempeneers et al., 1990).
Moreover, also Lampert and colleagues showed the beneficial effect of a relatively short period (i.e.
6 weeks) of endurance training on the VVOjpeax in HTx (Lampert et al., 1998). The volume density of
total mitochondria was larger after the training period; in spite of this, the capillary-to-fiber ratio
was not positively changed by the exercise training, showing that skeletal muscle abnormalities
persisted also after the exercise training intervention in HTx (Lampert et al., 1998). Furthermore, a
strong association was found between the poor VOomax and quadriceps muscle strength in KTx (r =
0.866; p < 0.001), suggesting that degraded leg muscle strength might strongly contribute to the
VOamax impairment (Van Den Ham et al., 2005).1n addition, a previous study evaluated the effect of
organ transplantation on the rate of VO, and HR adjustment (i.e. VOsmsx and HR kinetics,
respectively) from a resting condition to level imposed by the external workload. The speed of VO,
kinetics directly affects muscular metabolic stability; in fact, for a given work-load, a faster VO,

kinetics is translated into a more rapid attainment of the so called VO, at steady-state exercise,

leading to a lower intracellular perturbation (e.g., accumulation of H' and lactate, and depletion of
phosphocreatine) and, therefore, to a greater exercise tolerance (Poole & Jones, 2012). A previous
study compared the VO, and HR kinetics in a group of LTx, KTx and HTx during the six-minute
walking test. It was reported a slower HR kinetics for the cardiac transplanted group when compared
to the non-cardiac transplanted group (i.e. KTx and LTx together). Since the HR kinetics can be

considered a good proxy for the O, transport kinetics (MacPhee et al., 2005) it can be expected that
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HTx might have slower VO, kinetics if compared to non-cardiac transplanted counterpart. In spite
of this, no significant difference was found for the speed of VO, kinetics between the cardiac and
non-cardiac transplanted groups (Tomczak et al., 2008). In addition, the slower VO, kinetics
assessed for the transplant groups were significantly slower when compared to the healthy control
group (Tomczak et al., 2008). Furthermore, when the O, transport kinetics (i.e. cardiac output
kinetics) wherespeeded, by means of prior exercise, no acceleration of V0, kinetics were reported
for HTx (Grassi et al., 1997). Considering these findings together, it is likely that the prolonged
VO, kinetics might origin from the oxidative metabolism derangements in SOT; this further
highlight the role of the peripheral factors in impairing the exercise capacity in this population.
Stephenson et al. evaluated eight moderately active LTX, VOypeax and VO, at the anaerobic
threshold were decreased amounting to 66% and 47% of predicted value, respectively. Pulmonary
function at rest was not impaired, haemoglobin concentration was found to be 13.9 g-dL™', no
desaturation was reported and heart rate at peak exercise corresponded to 88% of predicted values
(Stephensonet al., 2001). Moreover, subjects reported a moderate rate of perceived exertion rating
for dyspnea (RPEdyspnea) (6.6 + 2.2), but greater for leg pain (RPEleg fatigue) (8.5 = 22). Since
there were no evidences for an impaired cardiac and/or ventilatory response during exercise and the
precocious anaerobic threshold, the authors speculated that exercise limitation was likely of
peripheral nature (Stephenson et al., 2001). Richard and colleagues reported a significantly higher
V0, needed to run at a given velocity in well-trained KTx and HTx when compared to heathy peers
matched also for the physical characteristics and performance level (Richard et al., 2005). Since
mechanical efficiency (energy cost) is given by the ratio between the work done and the energy
expended to perform it, the increased VO, for each speed for the transplanted group (both HTx and
KTx) reflects a greater energy cost for the same running speed if compared with the control group.

The authorssuggested that the peripheral abnormalities were behind the increased energy cost and
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these muscular defects still affect well-trained HTx and KTx limiting their exercise capacity
(Richard et al., 2005).

Finally, several pieces of evidence demonstrated that endurance training is an effective
interventionif the aim is to improve the cardio-respiratory fitness in HTx, LTx and KTx (Kempeneers
et al., 1990; Hermanet al., 2011; Nytroen et al., 2012; Riess et al., 2014; Moya-N4jera et al., 2017).
Since several authors pointed out the substantial contribution of the peripheral factors to limit the
exercise capacity, the implementation of exercise interventions that can induce a greater stress on
the muscular rather than the cardiovascular factors, such as small muscle mass endurance training,

might be beneficial in this class of patients.

1.6) Small muscle mass exercise training

When dynamic exercise is carried out with a small muscle group, maximal Q is not attained
and the majority of the blood flow is directed to the working muscles and the relative VOzpeak
normalized per kg of muscle mass involved increases 2-3 times more than the VOZpeak normalized
per kg of body mass assessed during whole-body maximal exercise (Bassett & Howley, 2000). Thus,
the recruited skeletal muscles show a remarkable peripheral reserve that make them able to increase
O; utilization, indicating that, in this scenario, the muscles VOzpeak is not constrained by (,0,, but the
main limitationis provided by the ability of the involved muscle to extract and utilize the delivered
O,. In this conditions, a greater mass-specific blood flow and a higher O, delivery and availability
will fully sustain the oxidative metabolism of the active muscle mass, meaning that the oxidative
capacity responsible for the aerobic ATP re-synthesis would be fully exploited.

As a matter of fact, several pieces of evidence demonstrated that small muscle group endurance
trainingwas effective to elicit the beneficial adaptations on the factors responsible for the peripheral
gas exchanges in both sedentary and trained subjects; more precisely, increasing both the level of

oxidative enzymes and the capillary net that perfuse the skeletal muscle. Previous studies on
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sedentary individuals reported that the peripheral adaptations induced by small muscle mass
endurance training were accompanied by the increase of VOamax When tested on exercise involving
large muscle masses (Klausen et al. 1981; Munch et al., 2018). On the contrary, previous
investigations on trained participants (i.e. from a moderate to a high level) reportedimproved muscle
oxidative and O, diffusion capacities leading to a greater O, extraction of the conditioned limb, after
a training period of small muscle mass endurance training. These ameliorations resulted in the
increase of muscle VQamay Of the trained leg, but not of the whole body VOsmax (Rud et al., 2012;
Skattebo et al., 2020). This difference can be ascribed to the notably lower level of oxidative
enzymes and capillary density of untrained subjects; therefore, in these subjects the muscular factors
provide a greater limitation to the whole body VOjma if compared to their active counterparts
(Bassett & Howley, 2000; Ferretti, 2014; Hellsten & Nyberg, 2016). Since the training stimulus,
provided by the small muscle mass endurance training, elicits the adaptations responsible for
improvement of the peripheral gas exchanges; when sedentary subjects undertake this type of
training, the enhancement of the peripheral factors lead to improvement of the whole body VOaumax-
By the same token, small muscle group endurance training can be applied with beneficial resultsin
the clinical population where the peripheral gas exchanges are impaired due to the
deconditioning/disuse, the side effects of medications and by the pathologies that directly affect
skeletal muscles (Esposito et al., 2011). In fact, heart failure patients whom performed knee
extension endurance training for 8 weeks improved muscle oxidative and O, diffusion capacities,
which were paralleled not only by a greater muscle VO, but also by an increase of whole body
VOomax (Esposito et al.,, 2011; Tyni-Lenné et al.,, 1997; Tyni-Lenné et al., 1999). Indeed, in the
studies where the effect of small muscle group endurance training on whole body VOmax was
investigated in several heart-failure subjects, the cardio-respiratory fitness was increased by ~24%
(from 1.63 to 2.01 L-min™! on average), ~12% (from 2.1 to 2.4 L-min™' on average) and ~19% (from
1.31 to 1.57 L-min' on average) (Esposito et al., 2011; Munch et al., 2018; Tyni-Lenné et al.,
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1999). Other investigations, implementing the aerobic training of small muscle group (i.e. knee
extension exercise or single leg cycling) inclinical population and healthy elderly subjects, reported
the positive effect on whole body VOyma When tested on exercise carried out with large muscle
mass (i.e. double leg cycling) (Bjergen et al., 2009; Esposito et al., 2010; Gordon et al., 2019). In
chronic obstructive pulmonary disease patients, whom were trained with the single leg cycling for 7
and 8 weeks, with 3 sessions per week, the whole body VQomax Was increased by ~12 (from 1.48 to
1.68 L-min-1 on average) and 22% (0.87 to 1.06 L-min-1 on average) (Bjergen et al., 2009;
Dolmage & Goldstein, 2008).

The effectiveness of endurance exercise training for the amelioration of cardio-respiratory has
been consistently demonstrated in organ transplanted subjects; however, the optimal exercise
training modality has not yet been found. Moreover, the effect of small muscle mass endurance
training has never been tested in HTx, KTx and LTx, in which the detrimental effect of
immunosuppressive therapy and extreme deconditioning negatively impact the skeletal muscle
inducing abnormalities altering the peripheral gas exchanges. As previously mentioned, VOapax 1S
mainly limited by QaOZmax (ie. 70 to 80%) m healthy humans performing maximal whole body
exercise at sea level, meanwhile the peripheral factors account to a minor, but still important, extent
(di Prampero & Ferretti, 1990; Ferretti, 2014). However, in clinical population where the peripheral
factors are impaired due to skeletal muscle abnormalities, such as HTx, LTx and KTx, this scenario

can be different and the peripheral gas exchanges might substantially limit 7 Opmax.
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1.7) Aim of the thesis

Based on the premises presented in the introduction, clearly emerges that HTx, KTx and LTx
commonly suffer from skeletal muscle defects. These deficiencies are likely to origin from the
deleterious backwards elicited by the immunosuppressive treatments and the prolonged
deconditioning/ disuse; in turn, these abnormalities alter the proper development of peripheral gas
exchanges. Additionally, dynamic exercise training involving a small muscle mass produces
remarkable adaptations in skeletal muscle characteristics responsible for the improvement of O,
diffusion and utilization in healthy and clinical populations. In view ofthis, it can be hypothesized
that i) the role of muscular factors in limiting the VOamx might be remarkable in transplanted
recipients and i1) endurance training performed with small muscle mass might be as beneficial as
traditional whole-body endurance training if the aim is the enhancement of the VQypax and the sub-
maximal aerobic exercise related parameters in transplant recipients.

To the best of my knowledge, no investigations have been carried out comparing the effect of

single leg cycling opposed to the traditional double-leg cycling training on the maximal and sub-

maximal aerobic exercise parameters in HTx, KTx and LTx. Therefore, this thesis aimed to compare
the responses on ¥ Qomax, Maximal mechanical power, VO, and power output at the first ventilator

threshold, energy cost of cycling and

V0, kinetics, tested on whole body cycling, after 8 weeks of single leg versus double leg endurance
training in HTx, KTx, and LTx. Finally, the multifactorial model of VO, limitation is implemented
to provide insightabout the role of cardiovascular and local factors in limiting the cardio-respiratory

fitness in this class of patients.
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CHAPTER II

Experimental part
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Aim of chapter 11
1) The first study related to this section deals with the effect of small vs large muscle mass

endurance training on the cardiorespiratory fitness in SOT and the possible role of central and

peripheral factors in limiting V O2max in these patients. The impaired cardiorespiratory fitness in
SOT herald the presence of deficiencies in one or more steps of the oxygen pathway. Several pieces
of evidence showed that metabolic detrimental alterations affect the skeletal muscle of these patients,
namely defects of the mitochondrial oxidative capacity. The causesof this condition can be ascribed
to the chronic immunosuppressive (i.e. cyclosporine) intake and the deconditioning/disuse.
Regarding the pharmacological therapy, animal studies showed that the immunosuppressive (i.e.
cyclosporine) use causes deleterious effects on the oxidative apparatus of skeletal muscle, resulting
in a poor endurance exercise capacity. These muscular factors are essential for the proper peripheral
O, diffusion and utilisation, which in turns are key components that determine a fraction of the
whole-body VOamax. It is noteworthy that endurance training involving a small muscle mass (i.e.
single leg cycling) elicits greater adaptations in skeletal muscle characteristics, enhancing the O,
utilization, if compared to exercises carried out with large muscle masses (i.e. double leg cycling). In
the light of this premise, it can be hypothesised that single leg cycling endurance training can be as
effective as double leg cycling if the aim is to enhance the ¥V Oymax in SOT. Therefore, a group of SOT
(HTx, KTx and LTx) were recruited for the current investigation. Firstly, the enrolled subjects
performed an incremental double leg cycling test to exhaustion in order to assess the whole-body
VOomax, the maximal systemic O, delivery and the maximal systemic O, extraction. Then, the
patients were divided into two training groups to participate in two different endurance training
protocols. The single leg cycling group performed high intensity interval training cycling with only
one leg the first half of the training session and with the other leg the other half. The double leg

cycling group performed the entire high intensity interval training cycling with both leg
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simultaneously. After24 training sessions, the enrolled patients were asked to repeat the very same
battery test, carried out at the beginning of the study, in order to assess the amelioration in the

V O2max and in the factors that contributes toits improvement.

2) The second study related to this section deals with the effect of small vs large muscle mass
endurance training on the pulmonary VO, kinetics during moderate intensity exercise and indexes of
pulmonary VO, slow component (VQ,sc) during heavy intensity exercise in SOT. As previously
mentioned, the whole-body VOamay is impaired in HTx, KTx and LTx if compared to healthy age-
and sex- matched subjects and this is of note since the VOamay is a strong predictor of cardiovascular
mortality. However, the most common daily activities are carried out at submaximal intensities and
require continuous transitions from rest to exercise and/or to oneexercise intensity to another one. In
these conditions (i.e. transient exercises) the rate of pulmonary O, uptakeadjustment from rest to a
level imposed by the external workload directly affects muscular metabolic stability. Indeed, in
healthy subjects and in normoxia, the speed of pulmonary O, uptake kinetics, at the exercise onset,
likely represents the rate of adjustment of the muscles' oxidative metabolism to the imposed work
rate; that, in turn, is presumably set by the rate of muscle O, utilisation. In addition, when
pathological conditions affect the oxidative metabolism of skeletal muscle, the pulmonary O,
uptake kinetics became prolonged, heralding poor exercise tolerance and, likely, limiting physical
performance. As previously showed, transplanted recipients suffer from skeletal muscle
abnormalities that affect the peripheral O, utilization and these defects might be responsible for a
slower rate of adjustment of the muscles' oxidative metabolism resulting in slower pulmonary O,
uptake kinetics. As a matter of fact, slow pulmonary O, uptake kinetics have been reported for

transplanted patients and these studies pointed out the role of peripheral O, utilization as the major
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culprit for the impaired pulmonary O, uptake kinetics. Single leg cycling, when compared to double
leg cycling, elicits greater adaptations for the factors affecting peripheral gas exchanges, enhancing
the muscle O, utilization. Therefore, the effect of single vs double leg cycling on the pulmonary
VO, kinetics were evaluated in HTxX, KTx and LTx. In the light of this premise, it can be
hypothesised that single leg cycling endurance training canbe as effective as double leg cycling if the
aim is to improve the pulmonary VO, uptake kinetics during moderateand heavy intensity exercise.
As detailed before, the recruited HTx, KTx and LTx were divided in two training groups (i.e. single
vs double leg endurance training) and performed a double-leg cycling incremental test, two
repetitions of double-leg moderate constant load exercise (DL-MOD) and a double-leg heavy
constant work rate cycling (DL-HVY) exercise. After the training intervention (see Aim of chapter
11, paragraph 1) the verysame constant work rate tests (i.e. at the same mechanical power used for
the tests before the exercise program)were carried out to evaluate the changes in the pulmonary VO,

kinetics.

Main results of chapter 11

1) The results regarding the first investigation showed that both groups significantly increased their
whole- body VOamax; however, the data indicates that the mechanisms leading to the improved whole
body-V Oamax might differ between the two training groups. In fact, the single leg cycling group
increased the whole bOdY'VOZmax by 13.8 % + 8.7 (p < 0.001) thanks to a larger maximal O,
systemic extraction, meanwhile, VOamax in the double leg cycling group increased by 18.6 % + 12.7
(p < 0.001) because of concomitant central and peripheral adaptations. Furthermore, by applying the
multifactorial model of whole body-V Osma limitation, anattempt was made to quantify the relative
weights of the mechanisms behind the whole body-VOyma improvement induced by the two

different training typologies. The multifactorial model suggested (confirmingthe former results) that
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the single leg cycling group ameliorated the whole body-V Oymax because of the larger maximal O,
systemic extraction; meanwhile, double leg cycling group increased the V iy mainly thanks to the

improvement of central factors.

2) After the training program, both groups significantly decreased the O, deficit (O,Def) and the mean
response time (MRT) during the DL-MOD; likewise, both the amplitude of the VO,sc (i.e. the
difference of VO,, expressed in mL-min™!, between the 6 and the 3™ min of exercise) and the slope
of the linear increase of VO, as a function of time were significantly lower in the two groups. It is of
note that the magnitude of the reduction of O,Def, MRT and the indexes of VO,sc were not different
between the two groups, indicating that single leg cycling is as effective as double leg cycling when
the aim is to improve the pulmonary VO, kinetics in HTx, KTx and LTx. HR kinetics were
significantly speeded following the exercise program and no difference were found in the magnitude
of the improvement between the two groups. It is not possible make inferences whether the
ameliorations originated from an enhanced O; availability or an improved O» utilization at muscular
level. In addition, the minute ventilation, the O, cost of respiratory muscles, the pulmonary VQ,, the
heart rate and the peak blood lactate concentration were all significantly reduced at the end of DL-

HVY after the training program in both groups and without difference between them.
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ABSTRACT
Maximal oxygen consumption (VOaxmay) is impaired in heart (HTx), kidney (KTx), and liver (LTx)
transplanted recipients and the contribution of the cardiovascular, central, and muscular, peripheral,
factors in affecting VOamax improvement after endurance training (ET) has never been quantified in
these patients. ET protocols involving single leg cycling (SL) elicit larger improvements of the
peripheral factors affecting O diffusion and utilization than the double leg (DL) cycling ET.
Therefore, this study aimed to compare the effects on VOamax of SL-ET vs DL-ET. We determined the
DL-V Oamax and maximal cardiac output before and after 24 SL-ET vs DL-ET sessions on 33 patients
(HTx = 13, KTx = 11 and LTx = 9). The DL-V Oamay increased by 13.8% + 8.7 (p<0.001) following the
SL-ET, due to a larger maximal O, systemic extraction, meanwhile, VOamax in DL-ET increased by
18.6% £ 12.7 (p<0.001) because of concomitant central and peripheral adaptations. We speculate that
in transplanted recipients, SL-ET is as effective as DL-ET to improve VOamax and that the impaired
peripheral O, extraction and/or utilization play an important role in limiting VOamax in this type of
patients.
Key Words: solid organ transplant, single leg cycling, endurance training, small muscle mass, limiting
factors, systemic oxygen extraction
Novelty

e SL-ET increases VOumx in transplanted recipients because of improved peripheral O

extraction and/or utilization.

e SL-ET is as successful as DL-ET to improve the cardiorespiratory fitness in transplanted

recipients.

e The model of VOomax limitation indicates the peripheral factors as a remarkable limitation to the

V O2max in these patient.
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INTRODUCTION

Heart, kidney, and liver transplant recipients (HTx, KTx, and LTx, respectively) suffer from reduced
cardiorespiratory fitness compared to healthy sedentary peers: their maximal oxygen uptakes (V O2max)
amount to 50 - 80 % of the ones predicted for age and sex (Williams and McKenna, 2012) and they are
also hardly improved by endurance training (ET) (Kempeneers et al., 1990; Herman et al., 2011;
Williams and McKenna, 2012).

In healthy individuals, VOamax during exercise performed at sea level with large muscle masses
(i.e., cycling and running) is determined by the interplay of central (i.e., the maximal systemic oxygen
delivery, QaOamax) and peripheral factors (i.e. oxygen diffusion and utilisation). By applying a
mechanistic model of the limiting factors of VOamax, it has been estimated, f.i., that QaOzmax imposes
approximately 70 % of the total fractional limitation of VOamayx, whereas the peripheral factors account
for the remaining one (di Prampero and Ferretti, 1990).

However, previous studies suggested a remarkable contribution of the peripheral, muscular
factors to the impairment of VOamax in transplant recipients and other clinical populations (Esposito et
al., 2011; Williams and McKenna, 2012; Gea et al., 2013). Skeletal muscle abnormalities are
commonly reported in these patients and metabolic dysfunction and muscle fibre type alterations
persisted in KTx after six months of aerobic training (Kempeneers et al., 1990). Similarly, muscle
myopathies, a reduction in capillary density, length density and endothelial dysfunctional were found
in HTx (Lampert et al., 1998; Braith ef al., 2005; Herman et al., 2011; Williams and McKenna, 2012).
In addition, a strong association was found in KTx between the poor VOapex and quadriceps muscle
strength, suggesting that diminished leg muscle mass might contribute to the VOapeak impairment (Van
Den Ham et al., 2005). Considering LTx, sarcopenia is a common feature in these patients (Williams
and McKenna, 2012; Kallwitz, 2015) and it was recently demonstrated that this condition is

characterized by mitochondrial bioenergetics dysfunction impairing the oxidative metabolism of
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skeletal muscles (Migliavacca et al., 2019). Indeed, LTx, reported a greater perceived exertion rating
for leg pain (RPEieg fatigue) than dyspnoea (RPEdyspnoea), While no cardio-respiratory impaired response
during exercise was evident (Stephenson et al., 2001). A limitation of peripheral origin was finally
suggested in sedentary (Borrelli et al., 2003) and in well-trained KTx and HTx (Richard et al., 2005)
because of their increased energy cost of running in comparison to healthy counterparts. Therefore,
these findings strongly suggest that skeletal muscle defects can be present in these patients.

It is noteworthy that HTx, KTx and LTx also exhibit some common sequelae, namely, 1) the
usage of immunosuppressive drugs that negatively affect skeletal muscles (Hokanson et al., 1995;
Mercier et al., 1995) and ii) disuse/deconditioning that can worsen fitness eliciting ominous detraining
adaptations both at the central and peripheral level (Ferretti et al., 1997; Capelli et al., 2006).

An insightful approach applied to investigating the role of peripheral factors in limiting VOzmax
consists in using dynamic exercises performed with a small muscle mass [i.e., knee extension exercises
and single-leg (SL) cycling] (Ferretti, 2014). When exercise is performed with a reduced muscle mass ,
the majority of cardiac output (Q) is directed to the involved tissue and the relative VOamay increases 2—
3 times more than the VOamax normalized per kg of body mass assessed during whole-body maximal
exercise (Maclnnis et al., 2017; Iannetta et al., 2019). A greater mass-specific blood flow and a higher
O, delivery and availability will fully sustain the oxidative metabolism of the active muscle mass,
meaning that the oxidative capacity responsible for the aerobic ATP re-synthesis would be fully
exploited.

Since we know that: a) muscular abnormalities and sarcopenia are commonly found in
transplanted recipients, and; b) ET performed with a small muscle mass results in substantial
adaptations in skeletal muscle characteristics, leading to a larger O» utilization (Esposito et al 2011;
Klausen et al., 1981; Rud et al., 2012), we can hypothesize that this type of training might be as

effective as traditional whole-body ET if we aim to increase their cardio-respiratory fitness.
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To our knowledge, no study has evaluated the effect of SL versus traditional double-leg (DL)
cycling on DL-VOamax and DL maximal power output (POmax) in HTx, KTx, and LTx. We aimed to
compare the responses on DL-VOomay, VO; at the gas exchanges threshold (VO,-GET) and DL-POumax
after 8 weeks of SL-ET versus DL-ET in HTx, KTx, and LTx under the hypothesis that training
performed involving small muscular masses can be as effective as traditional double-leg exercise in
patients where peripheral gas exchanges are impaired by multifactorial causes. Then, an attempt to
determine the contributions of cardiovascular and local factors is proposed to better quantify the origin

of the main limitation of VOamay in transplanted recipients.

METHODS

Patients

Thirty-eight sedentary and clinically stable transplant recipients (i.e. not presenting conditions that that
required hospitalization) (n: 14, HTx; n: 13, KTx; n: 11, LTx) were enrolled in the present study. The
investigation was approved by the local Institutional Review Board (n: 8/IRB DAME) and was
conducted in compliance with the principles of the Declaration of Helsinki. Before beginning the
study, all patients underwent a full medical anamnesis and physical examination and were informed
about the potential risks associated with the experiments; then, they gave their informed consent.
Criteria for exclusion were pregnancy, cardiopulmonary diseases, cancer and orthopaedic conditions
that might impede or contraindicate cycling exercise; moreover, patients were only included at least 1
year after transplantation. Before the beginning of the training period, 5 volunteers dropped out of the
study: 2 because of orthopaedic injury, 1 for malignant diseases, and 2 for personal reasons; finally, 33

patients (male = 28; female = 5) participated in the study (HTx= 13, KTx= 11 and LTx=9).
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Study protocol

Incremental step exercise tests, including assessment of anthropometric and physical capacities, were
performed two weeks before (PRE) and immediately after (POST) the completion of the ET. Before
the study, participants were familiarized with the equipment and the procedures, and they were asked
to avoid strenuous exercise the day before the experimental sessions and any caffeinated drinks (5 h).
They also abstained from meal consumption in the 3 hours preceding the tests.

Patients came to the laboratory on two different days. During the first visit, after medical
anamnesis and anthropometric measurements, all individuals performed the DL ramp cycling test (DL-
INC); on the second day, all participants performed a SL ramp cycling test (SL-INC). The
experimental sessions were separated by at least 2 days. Thereafter, the patients visited the laboratory
twice to perform two cycling tests of moderate and heavy intensity in order to familiarize with the
ranking of RPEeg fatigue and RPEayspnoca. After these supplementary familiarization trials, the 33 patients
were randomly divided into SL and DL cycling endurance training groups (SL-ETgrp and DL-ETgre,
respectively), 17 were randomly allocated to the SL-ETgrp (HTx= 6, KTx= 6 and LTx=5) and 16 to

the DL-ETgre (HTx= 7, KTx= 5 and LTx=4).

Anthropometric characteristics

Body mass was measured to the nearest 0.1 kg with a manual weighing scale (Seca 709, Hamburg,
Germany) with the patients dressed only in light underwear and no shoes. Stature was measured to the
nearest 0.5 cm on a standardized wall-mounted height board. Body mass index was calculated as the

ratio between body mass and the stature (m) squared.
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Incremental exercise tests

The INC tests were conducted under medical supervision and monitoring the electrical activity of the
heart with standard 12-lead ECG; the exercise test was interrupted if systolic blood pressure reached or
exceeded 240 mmHg of and if abnormalities in the ECG trace were observed. After instrumentation,
the patients sat on an electromechanically braked cycling ergometer (Ergomed 839E, Monark,
Vansbro, Sweden); the handlebar and seat heights were properly adjusted and then kept constant for all
exercise tests for each volunteer. Breath-by-breath VO,, carbon dioxide production (VCO) and minute
ventilation (Vg) were continuously assessed using a metabolic unit (CPET, Cosmed, Italy); HR was
obtained from the ECG signal. Before each experiment, O2 and CO2 analysers and the turbine
flowmeter were calibrated by utilizing gas mixtures of a known composition (16.00 % 02, 4.00 %
CO2, N2 as balance) and a 3 L syringe according to the indications of the producer. During DL-INC,
after 3 min at rest, the patients pedalled for 6 min at 25 W or 40 W. Immediately after the baseline, a
symptom-limited (leg fatigue or shortness of breath) DL-INC was performed, increasing the
mechanical power by 15 W-min™! until exhaustion. Participants were asked to keep a constant
pedalling cadence, which was digitally displayed, at their preferred rate (60—75 RPM). They were
asked to cycle until volitional exhaustion or until they were not capable to maintain the cadence above
60 rpm in spite of strong verbal encouragement. After exhaustion, the work rate was decreased to 25
W for 5 min to cool down. The rate of perceived exertion for leg fatigue (RPEieg fatigue) and dyspnoea
(RPEdyspnoca) Were registered ((Borg, 1982)). DL-VOamax, DL maximal VCO; (DL-VCOzmax), DL
maximal ¥ (DL-VEmax) and DL maximal HR (DL-HRmax) were determined as the highest average
assessed in a 30 s epoch. Briefly, if during the last step of the DL- and SL-INC, a subject reached the

exertion before the end of the stage, the corresponding POmax was calculated as (Lepretre et al., 2004):
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POmax = POf + [(t/60)- 15]

where POf and t are the mechanical power (W) and the time (s) of the last, completed stage,
respectively, and 15 is the PO increment in watt per minute. VO,-GET was assessed by two
independent and trained researchers using the V-slope method; ventilatory equivalents (Ve/VO, and
Ve/VCO,) and pressure end tidal (PET O, and PET CO,) were used as ancillary criteria (Whipp et al.,
1981). If agreement was not found between them, a third independent assessor applied the three
methods and VO»-GET was determined only when the three investigators agreed on the results. Then,
for each patient, the VO, vs power relationship was left shifted by a fixed amount of time, 30sec, to
calculate the mechanical power corresponding VO»-GET. Afterwards, for the supplementary
familiarization trials, we calculated the 80% of the power associated to the VO,-GET and used for the
10 min constant load exercise; meanwhile for the 14 min heavy constant load exercise we calculated
the power associated to the 40% of delta between gas exchange threshold and VOamax.

During SL-INC, participant’s instrumentation and the testing protocol were identical to the one
applied in the first visit with the exception of the work rate during the warm-up that was set to 20 W
and the ramp increase of the workload was set to 7.5 W-min". As for DL-INC, maximal cardio-
respiratory parameters were determined as the highest average measured in a 30 s epoch.

During SL the contralateral crank was fitted with a 10 kg counterweight and the participant’s leg
was placed on a wooden support on the floor so that the non-exercising limb was protected from the

rotating counterweight (Abbiss et al., 2011).
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Cardiovascular assessments during incremental exercises

HR, Q, blood pressure and percent saturation of oxyhaemoglobin (S.0,) were assessed at rest and
during the exercise trials. Beat-by-beat Q and HR were measured by using a modified cardio-
impedance method by means of Physioflow™ (Manatec Biomed., France). This methodology was
validated against an invasive, gold-standard method and is well described elsewhere (Charloux ef al.,
2000). Q was calculated as stroke volume (SV) times HR derived for the ECG signal and maximal Q
(Qmax) was defined as the highest average measured in a 30 s epoch. Haemoglobin concentration
([Hb]) was determined by means of a photometric technique (Hemo Control, EKF Diagnostics,
Germany) from an 8 p capillary blood sample withdrawn from the fingertip at rest and S.O> was
measured via an infrared oximetry (Xpod, PFT/CPET, Cosmed, Italy). Maximal oxygen delivery,

QaO2max in L-min™!, was then computed as:

QaOZmax: Qmax + S;0;2- [Hb] *0 (19

where 6 indicates the physiological O, binding coefficient of haemoglobin, which is 1.34 ml'g™, Qmax
is expressed in L-min"! and [Hb] in mg-dl""”. Moreover, maximal systemic artero-to-mixed venous

blood differences in O concentrations (a-vO2diffnax) and maximal systemic oxygen extraction (Ozexir

max) Were calculated as the ratio between VOzmax/Qmax and V02 max/Qa02 max, respectively.

Endurance training

Volunteers in the SL-ET and DL-ET groups started an 8-week cycling training programme with 3
supervised sessions per week. The training pattern consisted in high-intensity, interval training (HIIT),
which has been shown to be a safe and feasible exercise mode for transplanted patients (Herman et al.,

2011). Two protocols of training were used, alternatively between each session, to increase participant
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adherence to the training programs, as previously applied (Saltin et al., 1976; Skattebo et al., 2020).
These two training protocols were reported to be effective in imporving the peak VO, in SOT (Herman
et al., 2011; Nytrgen et al., 2012). Therefore, the patients underwent i) 12 ET sessions that included 4
min at high intensity followed by 3 min of active recovery; each bout was repeated 4 times and: ii) 12
ET consisting of 2 min at high intensity followed by 2 min of active recovery; in this case, each bout
was repeated 6 times. Each HIIT training session was always preceded and followed by 5 min of
warm-up and 5 min of cool down, respectively. The DL-ET group performed DL training for the
whole session; conversely, the SL-ET group completed the first half of the training pedalling with one
leg and the second half with the other leg. With this configuration, both groups trained for the same
interval of time. Furthermore, patients in both DL-ETgrp and SL-ETgrp were asked to keep a fixed
cadence, within the range of 60 to 70 RPM, during the ET sessions; hence the mechanical work
performed by the skeletal muscle was similar for DL-ET and SL-ET.

For the SL exercise, the bikes were arranged as for SL-INC (see below). The workload imposed
for the HIIT was set to elicit a value equal to or higher than 15 of RPE ayspnoea during the DL-ET (6-20
Borg’s scale) and equivalent to or greater than 5 of RPEieg fatigue during the SL-ET (1-10 Borg’s scale)
(Buchheit and Laursen, 2013). The intensity of the active recovery was tailored to achieve a score
equal to or lower than 12 on RPEgyspnoca and equivalent to or lower than 2 on RPEeg fatigue in the two
exercise modalities, respectively. The training load was adjusted weekly; HR, RPEgyspnoca and RPEieg
fatigue Were continuously monitored during HIIT and during the active recovery phases. The utilization
of the RPE (i.e. Borg’s scale) was previously showed to be an effective criterion for high intensity
exercise prescription (Ciolac et al.,, 2015; Gordon et al.,, 2019). For the RPEies fatigue and for the
RPEdyspnoea the 1-10 and 6-20 scales were used, respectively. HR was recorded throughout the training
and HR values occurring in the lastl5 sec before the end of each interval of high and low intensity

were averaged; RPEieg fatigue and RPEyspnoca values were recorded at the end of each interval of high
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and low intensity. Research assistants were responsible for verifying that each subject participated in
each training session, performed the exercises correctly, and completed at least 90 % of the training

sessions.

Statistics

Data were analysed with Prism, version 8.0 (GraphPad Software, La Jolla, CA, USA). Data in the text
and tables are presented as the means + standard deviation (SD), unless stated otherwise.

A Shapiro-Wilk test was used to verify the normal distribution of the data. The PRE and POST
investigated cardiovascular and cardio-respiratory parameters were analysed using a two-way, within-
subject ANOVA, with group (SL-ET and DL-ET) and time (PRE- and POST- training) as the two
factors. If a significant main effect or interaction effect was found, a post hoc test (Bonferroni's
multiple comparisons test) was performed. Alpha level was set to < 0.05. An unpaired Student's t-test
was utilized to assess differences between SL-ET and DL-ET prior to the training for the
anthropometric parameters and to determine the feasibility of the comparison between HTx and KTx
together with LTx. Variables measured during each training and the number of ET sessions performed
by each group were analysed using unpaired Student's t-tests. Partial eta squared (np?) was calculated
as previously reported (Del Vecchio et al., 2019); np* for the main effect of time, unless otherwise
stated, and 95 % confidence intervals of the mean differences between the PRE and POST values were
calculated and reported. The post-hoc analysis of the statistical power, calculated with the 33
participants and setting a size effect of 0.25 for the main outcome (VOamax), yielded a power value of

0.80 (G*Power).
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RESULTS

Patient characteristics and the exercise training regimen

The main anthropometric characteristics, pharmacological therapies and the morbidities that led to
organ transplants for the SL-ETgrp and DL-ETgrp are reported in Table 1 and Table 2, respectively.
Volunteers participated in the 97.8 % (6.3) and 99.2 % (2.3) (P = 0.398) of the total exercise sessions
for the SL-ETgrp and DL-ETgrp, respectively; no adverse events were reported. The DL-ETcgrp
reported higher values for the RPEgyspnoea [16 (0.7)] than the SL-ETgre [14 (0.7), P < 0.001];
conversely, no differences were found for the RPEieg fatigue In the DL-ETgrp and SL-ETgrp [7 (0.7) and
7 (0.4), P = 0.826]. The two groups trained at the 91 % (7) and 87 % (11) (P = 0.269) of the HR max,
reached during the DL-INC, for the DL-ETgrp and SL-ETGgrp, respectively. Data regarding the main
respiratory and cardiovascular parameters for the DL-INC for the HTx vs. non-cardiac transplant
recipients (i.e., KTx and LTx together; NCT), at PRE, are presented in the Supplementary Material,
Table S1. HR was significantly lower in the HTx versus the NCT (P = 0.021) and SV was statistically
greater in the NCT compared to HTx (P = 0.043) (Supplementary Material, Table S1). No differences

were detected for the other variables between HTx and the NCT (Supplementary Material, Table S1).

Incremental exercise tests
The data related to DL-INC assessed in the PRE and POST sessions are presented in Table 3; the ones
related to SL-INC in the two very same occasions are reported in Table 4 instead.

At PRE, only DL-HRmax was significantly lower in SL-ET (P = 0.041; Table 3), mainly because
of the higher number of patients under B-blockade medications. DL-V Oomax was 74 % (16) and 77 %
(21) of age and sex predicated values for DL-ETgrp and SL-ETgrp, respectively, highlighting an
impaired cardio-respiratory fitness. RPEdyspnoea Was 18 (1) and 19 (1) for DL-ETgrp and SL-ETgrp,

respectively (P = 0.390), whereas RPEieg fatigue Was 8 (1.0) and 9 (0.5), for DL-ETgrp and SL-ETgre,

51



respectively (P = 0.094). No arterial desaturation was evident at maximal exercise in SL-ETgrp and
DL-ETgrp at PRE and POST.

At POST, absolute DL-VOamax increased by 18.6 % (12.8) and 13.8 % (8.7) in DL-ET and SL-
ET, respectively (P = < 0.001); DL-VOamax relative to body mass improved by approximately 18.1
(12.7) % and 15.3 (9.0) % in DL-ET and SL-ET, respectively (P = < 0.001; Table 3). The
ameliorations in both absolute and relative to body mass DL-VOamax Were not significantly different
between the two groups (Table 3). Likewise, DL-POmax increased significantly by 23.2 % (12.5) in
DL-ET and by 19.7 % (11) in SL-ET (P < 0.001), yet the changes were not significantly different
between the two groups (Table 3). Similarly, VO,-GET was augmented by 15.3 % (11.8) and 15.2 %
(7.8) in DL-ET and SL-ET, respectively, and was not significantly different between the two groups
(Table 3). DL-HRmax and [Hb] did not significantly change in response to the exercise training
programme in both groups (Table 3).

DL QaOazmax augmented by 12.2 % (19.1) and diminished by 3.7 % (15.1) in DL-ET and SL-ET,
respectively; however, it was not significantly different from PRE to POST. However, the interaction
effect tended to be significantly different between the two groups (P = 0.053; Table 3) and this
indicated that the effect of training on maximal oxygen delivery diverged in the two types of
intervention.

DL Ogextr-max Was significantly improved in SL-ET, increasing by 19.4 (17.5) % (P = 0.009),
while in DL-ET the amelioration of DL Oazextr-max by 7.6 (20.2) % was not significant (P = 0.767);
despite the greater amelioration was reported for the SL-ET, the interaction effect was not significantly
different (P =0.117; Table 3).

Likewise, (a-vO:diff)max turned out to be significantly augmented by 17.6 % (20.4) only in SL

ET; it remained unchanged whereas it marginally increased by 9.1 % (17.7) in the DL-ET group.
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These data support the view that the increase of QaOamax justified about 50% of the observed
increase of VOamax in DL-ET and the amelioration of the peripheral gas exchanges accounted for the
remaining per cent increase. Conversely, the same data collected in the SL-ET seems to indicate that
the better O, utilisation, revealed by the amplification of (a-vO:diff)max, accounted for about the total
percent increase of VOamax.

SL-VOomax significantly increased (P < 0.001; Table 4) in DL-ET and SL-ET, without
differences between the groups; likewise, SL-POmax increased (P < 0.001; Table 4) in DL-ET and SL-

ET, without differences between the groups.

DISCUSSION

In the present study, we investigated the effects of 8 weeks of SL-ET and DL-ET on DL-VOamax in
solid organ transplanted recipients. Furthermore, we aimed to understand the main mechanisms behind
the different responses induced by SL-ET and DL-ET on DL-VOum. Besides, by applying a
multifactorial model of VOamax limitation (di Prampero and Ferreti, 1990) we tried to quantify the
relative roles of the improvements of the maximal, systemic O2 delivery and of peripheral gas
exchanges in increasing DL-V Oamax

The main results revealed that SL-ET was an effective exercise modality for increasing VOzmax
during DL cycling, while both training modalities led to significant increases of DL-VOamay, DL-
POumax, SL-V O2max and SL-POmas.

The intensities for the training sessions were prescribed based on RPE, which is an effective
criterion for high intensity exercise prescription (Ciolac ef al., 2015; Gordon et al., 2019). For the DL-
ET, the rated effort during exercise sessions based on RPE dyspnoeca Was 16 (0.7) and for SL-ETgrp it was
14 (0.7) (P < 0.001), suggesting that the central factors related to endurance performance were

stressed more in DL-ET than in SL-ET, as expected (Bassett and Howley, 2000). On the other hand, no
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difference was found for the RPEieg fatigue recorded during the training sessions, 7 (0.7) and 7 (0.4) (P=
0.826) for DL-ETgrp and SL-ETgrp, respectively.

Previous studies demonstrated the effectiveness of exercise training in increasing cardio-
respiratory fitness and exercise capabilities in solid organ transplanted recipients (Herman et al., 2011;
Riess et al., 2014; Moya-Najera et al., 2017). Thus, the achievement of a higher DL-V Oamay following
the training period in SL-ET and DL-ET agrees with the findings reported by other studies. Other
investigators who implemented aerobic training of small muscle mass in clinical populations (Bjergen
et al., 2009; Dolmage & Goldstein, 2008; Esposito et al., 2011; Munch et al., 2018; Tyni-Lenné¢ et al.,
1999) and in healthy elderly individuals (Gordon ef al., 2019) reported positive effects on DL-VOamax
similar to the ones obtained in the present study.

Previous investigations on trained participants reported improved muscle oxidative and O
diffusion capacities, leading to a greater Ozexir Of the conditioned limb, after a training period of SL or
knee extension exercise (Rud et al., 2012; Skattebo et al., 2020). These ameliorations resulted in an
increase of muscle VOamax of the trained leg, but not of DL-V O2max (Rud et al., 2012; Skattebo et al.,
2020). Conversely, heart failure patients who exercised with knee extension exercise for 8 weeks
improved their muscle oxidative and O, diffusion capacities, which were paralleled by a greater
muscle VOamay, and also by improved DL-V Oamayx (Esposito et al., 2011; Tyni-Lenné et al., 1997; Tyni-
Lenné et al., 1999). Considering that SL and knee extension exercise impacts mainly on the peripheral
factors involved in O transport and utilization, the higher DL Ojextr-max €stimated in our study in SL-
ETcre may likely origin from the amelioration of these muscular factors. Our findings seems therefore
to confirm that when peripheral gas exchanges are negatively affected by systemic diseases (Esposito
et al., 2011), medication (Hokanson et al., 1995; Mercier et al., 1995) and disuse (Capelli et al., 2006;
Bringard et al., 2010), the maximal aerobic capacity is limited to a larger extent by peripheral factors
than in healthy or/and trained individuals. The DL-ET improved DL-VOamax with no significant
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difference from SL-ET. However, the results indicate that the mechanisms behind the improvements
might differ between the groups.

DL QaOazmax was unchanged in SL-ETgrp and, despite non significantly, it was 12.2 % higher in
DL-ETgrp and the interaction between groups and time clearly indicated that the effect of the
intervention as for DL QaOxmax was different in the two training modalities. On the other hand, the DL
O2zextr-max Was significantly increased only in the SL-ETgrp and it was non-significantly larger (7.6 %)
than at PRE in the DL-ETgrp; the interaction effect tended to be different, indicating a greater adaptive
response at the muscular level in the SL training group. By applying the multifactorial model of
VOamax limitations (di Prampero and Ferretti, 1990) we are tentatively trying to quantify the relative
weights of the mechanisms behind the DL-VOamax improvement induced by the SL-ET and DL-ET
(see paragraph “The nature of double leg VOama: limitations: the increasing influence of skeletal
muscle ).

Thereafter, the absence of sedentary age-matched control group a prevented us to identify if DL-
ET or SL-ET might cause different adaptive responses between transplanted recipients and age-
matched healthy individuals. However, the adaptations induced by ET have been well and extensively
described elsewhere for healthy individuals (Bassett and Howley, 2000); moreover, the central and
peripheral changes that are commonly caused by ET involving large muscle masses are similar to the
ameliorations observed for our DL-ETgrp. In addition, previous studies reported that a small muscle
mass-ET was effective to increase DL-VOamax and improve the factors affecting the peripheral gas
exchanges of the trained limbs in sedentary, healthy, young and old individuals (Klausen, Andersen
and Pelle, 1981; Bell et al., 2001; Munch et al., 2018). These findings are in line with the favourable

changes observed for our SL-ETgrp.
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The nature of double leg VO:max limitations: the increasing influence of skeletal muscle

The role of central and peripheral changes in determining the observed differences of DL-V Oamax in the
two groups may be quantified in light of the multifactorial model of VOamax limitations proposed by di
Prampero and Ferretti (di Prampero and Ferretti, 1990). Other studies applied this line of reasoning in
order to disclose the role of cardiovascular and/or muscular modifications on VOamax after disuse
(Capelli et al., 2006, Bringard ef al., 2010). The reader is referred to the Appendix for the model’s
explanation.

The increase of Q2O2max induced by training translates into a reduced cardiovascular resistance to
the O, flow (Rq) at VOomay. Fig. 1, panel A, shows the model applied to the DL-ET. In the diagram, the
ratio between DL-VOamax at PRE and DL-VOamax at POST is plotted as a function of Ro/ARq. In the
same figure, the line with an intercept of 1 and a slope = to 0.70 (Fq, i.e., the fractional limitation of
VOamax imposed by the cardiovascular system) resulting from the algebraic development of the model
in the case of acute changes of only QaO2zmay, is also shown (di Prampero and Ferretti, 1990). With this
representation, should only the cardiovascular resistance (Rq) be changed in our patients, the resulting
modification of VOamax would be described by a linear relationship with slope equal to Fq = 0.70.

Accordingly, the points describing the amelioration from the PRE to the POST conditions in DL-
ET, although not symmetrically distributed around the theoretical line, are characterized by a residuals
distribution (i.e., the differences between the experimental data and the ones calculated on the basis of
a fixed value of Fq = 0.70), with a mean not significantly different from 0 (P = 0.689). In the case of
SL-ET, it appears that the residuals are not normally distributed and have a mean significantly
different from zero (P = 0.024) (Fig. 1, panel B).

This suggests that, in the former case, the changes in Rq were the main factor underpinning the
observed improvements of DL-VOama; in the latter case, in contrast, the observed amelioration of

VOamax after SL-ET were larger than the ones predicted by the sole modification of Rq. Hence, we may
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assume that additional changes in other resistances (e.g., peripheral - muscular resistance, Rm) may be
responsible for the additional improvement of VOam.x. Considering that no muscle biopsies were
performed, it is not possible to disentangle which of the several steps affecting peripheral oxygen
diffusion and utilization were the main ones responsible for the improvement of VOamax; we may only
suggest that the SL-ET was able to elicit an improvement of the peripheral gas exchanges and O»
utilisation.

Moreover, by following the lines of reasoning applied in the past for similar purposes, we
tentatively calculated the relative change of R responsible of the amelioration in DL-VOamax elicited
by the two of training interventions under the assumption of a fractional cardiovascular limitation of
0,7 (see Appendix) (Capelli et al., 2006; Bringard et al., 2010). The results showed that in SL-ET
ARw/Rim decrease, on the average, by about 50 % in comparison with a drop of less than 30 % in DL-
ET. This confirms the larger contribution of the beneficial peripheral adaptations to the observed
increase of VOuma in SL-ET and also suggests that muscular, peripheral factors account for a
substantial limitation to the maximal aerobic power in HTx, KTx and LTx, which can be however

effectively reversed with large muscle masses training.

Limitations of the study

A primary limitation is the lack of a verification phase to assess whether a true VOxmax Was
attained at exhaustion. A bout of supramaximal constant load exercise has been suggested in order to
confirm the VOumax (Poole and Jones, 2017) and should be implemented when possible. Even if
contrasting findings have indicated that the verification phase is not supported by the experimental
data (Green & Askew, 2018; Murias et al., 2018; lannetta et al., 2020; Possamai et al., 2020; Wagner
et al., 2021), and no studies have investigated the validity and feasibility of the verification phase in

transplanted patients, a potential underestimation of VOamax should not be excluded in our patients as
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additional, unforeseen conditions may have prevented the participants from attaining VOamax. Other
obvious limitations consist in the absence of muscle biopsies before and after training. This of course
prevented us to evaluate the extents of any morphometric and/or biochemical defect that would have
impaired muscular O delivery, diffusion and utilisation and to describe in an invasive, quantitative
manner the modifications undergone by these features. The absence of any gold-standard measurement
of cardiac output is another important limitation. Besides, an additional limitation is the heterogeneity
of the transplanted patients: individuals with different types of transplantation were grouped together.
This allowed us to achieve a sufficient statistical power and improve the generalizability of the
findings, but of course inserted some unpredictable bias and noise in the results. For instance, it is
likely that the cardiovascular response to exercise was dissimilar between the heart and the solid
organs transplanted patients.

Finally, also the absence of sedentary age-matched control group a prevented us from identifying
if DL-ET or SL-ET might cause different adaptive responses between transplanted recipients and age-
matched healthy participants. However, the adaptations induced by ET have been well and extensively
described elsewhere for healthy volunteers (Bassett and Howley, 2000); and previous studies reported
that a small muscle mass-ET was effective to increase DL-VOamax and improve the factors affecting the
peripheral gas exchanges of the trained limbs in sedentary, healthy, young and old individuals

(Klausen et al., 1981; Bell et al., 2001; Munch et al., 2018).

CONCLUSION

8 weeks of DL-ET and SL-ET significantly improved DL-VOzmax and DL-POmax without any
differences between the training groups. Therefore, our results indicate that training by exercising with
a small muscle mass may represents an effective and useful modality for improving exercise capacity

in transplant recipients. Furthermore, the results suggest that the limitation of DL-VOamax is equally
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distributed between central and peripheral factors in HTx, KTx, and LTx, and that impaired peripheral
gas exchanges might play a more relevant role in decreasing maximal exercise capacity in this type of
patients. These findings may pave the path leading to develop effective and criterion-based training

protocols for post transplantation patients.
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Figure captions

Fig. 1, panel A Changes in double leg maximal oxygen intake, expressed as the ratio between the
value pre- (DL-VOzmax) and post- (DL-V Oamax +A) in the double leg cycling endurance training group
(DL-ETgrp) reported as a function of the relative change in the cardiovascular resistance to oxygen
flow (ARQ.O2/ RQ.0?) on the x-axis. Represented in the figure, the theoretical dashed line, with a

slope of 0.7 is derived from di Prampero and Ferretti (1990) for human exercising at sea level

59



Fig. 1, panel B Changes in double leg maximal oxygen intake, expressed as the ratio between the
value pre- (DL-VOamax) and post- (DL-V Oamax +A) in the single leg endurance training group (SL-
ETgrp) reported as a function of the relative adaptation in the cardiovascular resistance to oxygen flow
(ARQ.02/ RQ402) on the x-axis. Represented in the figure, the theoretical dashed line, with a slope of

0.7 is derived from di Prampero and Ferretti (1990) for human exercising at sea level
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Table 1: Main anthropometric parameters at PRE and pharmacological therapies

Anthropometrics SL-ETcrp (n: 17)  DL-ETgre (n: 16) P
Age (years) 56 (10) 55 (10) 0.82
BM (Kg) 83 (15) 78(18) 0.35
BMI 26.7 (3.3) 26.3 (5.3) 0.76
Years post-transplant 6.2 (6.9) 8.9 (7.7) 0.30
Medications

Immunosuppressant 17 (100%) 16 (100%)
Corticosteroids 7 (41%) 4 (25%)

NSAID 10 (59%) 9 (56%)
ACE-inhibitors 2 (12%) 1 (6%)
Angiotensin 2 receptor blockers 4 (23%) 1 (6%)

a-blockers 6 (35%) 4 (25%)

B-blockers 11 (65%) 4 (25%)

Diuretics 3 (18%) 2 (13%)

Calcium channel blockers 4 (23%) 3 (19%)

Statins 6 (35%) 3 (19%)

Lipid lowering agents 2 (12%) 0 (0%)

Metformin 1 (6%) 1 (6%)

Insulin 1 (6%) 0 (0%)

Thyroid hormones 1 (6%) 4 (25%)

Proton pump inhibitors 10 (59%) 6 (38%)

Xanthine oxidase inhibitors 3 (18%) 4 (25%)
Hypouricemic agents 7 (41%) 5(31%)

Kinase inhibitor agents 1 (6%) 2 (13%)
Bisphosphonates 1 (6%) 1 (6%)

Dopamine agonists 1 (6%) 0 (0%)
Bronchodilators 1 (6%) 0 (0%)

Antigout agents 1 (6%) 1 (6%)
Antiarrhythmic agents 1 (6%) 0 (0%)

Non-steroidal anti-inflammatory drugs (NSAID), dingle leg endurance training group (SL-ETgrp), Double leg
endurance training group (DL-ETgrp), bod mass (BM), body mass index (BMI)
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Table 2: List of diseases leading to the organ transplant

SL-ETgre (HTX, n= 6; KTx, n= 6; LTx, n=15)

DL-ETgre (HTx, n=7; KTx, n=5; LTx, n=4)

Disease HTx KTx LTx | Disease HTx KTx LTx
Cardiac sarcoidosis é of - Primitive cardiomyopathy 47‘ of -
}:ii}cli?cr)nrri;opathy 2 of . - Ischemic cardiomyopathy 3 of -
Myocarditis é of - Infiltrative cardiomyopathy ; of -
Glomerulonephritis - é of . Alport syndrome - é of
Berger's disease - é of Polycystic kidney - 2 of
Chronic kidney failure - é of Glomerulonephritis - é of
Polycystic kidney - 2 of fﬁiﬁgﬁ;ﬁ;demsmg - - 411 of
Goodpasture syndrome é of gi-sleztsléitrypsin deficiency ) i ‘1‘ of
Hepatitis C ; ] g of | Hepatitis B ) ] 411 of
Hepatic cirrhosis - - i of Hepatic cirrhosis ) ) 411 of

Single leg endurance group (SL-ETgrp), double leg endurance group (DL-ETgre), heart transplant recipients

(HTx), kidney transplant recipients (KTx), liver transplant recipients (LTx).
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Table 3: Main cardio-respiratory and cardiovascular variables assessed during double leg cycling incremental test (DL-INC) before (PRE) and after (POST) endurance

training period. Single leg cycling endurance training group (SL-ETgre) and double leg cycling endurance training group (DL-ETere) groups.

Effect

SL-ETcre (n=17) DL-ETcre (n= 16) Gin P values*
Parameters DL-INC PRE POST Me*(‘;'s‘:/ioffgl‘)’“ce PRE POST Me‘&‘;s‘}/ioffgl‘;“ce np? G T GxT
VOzmax (mlmin‘) 1747 (420) 1966 (407)"  219(133;305) 1719 (483) 2001 (430)" 282 (193;371) 0.75 0.981 <0.001  0.237
VO (ml-kg ' min) ~ 21.8(7.7)  247(7.9"  2.9(1.3;3.8) 2247 25947 3.7(25:4.9 0.65 0733  <0.001 0342
VEmax (L-min™) 78.6(169)  952(22.6)"  16.6(9.1;242)  77.5(21.3) 941 (I81)  16.6(8.8;24.4) 0.63 0.875  <0.001 0.995
VO,GET (ml'min)  1311216) 1507 255)" 196 (129;261)  1275(290) 1468 (318)" 186 (117;255) 0.74 0536  <0.001 0.803
Hgb (mg-dL) 145(15)  143(15) 02(-0.6;02)  142(L7)  144(15)  0.2(-0.2;0.6) 0.00 0.849 0.969 0.055
HRpax (bpm) 124 (24) 129 (24) ¢ 4(-0.5;9) 143(22)§  147(19) 4(-0.8;9) 021 0.022 0.079 0.945
Sp0; (%) 96 (2) 96 (2) 0(-1.5; 1.3) 96 (3) 96 (3) 0 (-1.8; 1.6) 0.00 0.954 0.821 0.833
1Qa02max (L-min™) 253(0.57)  239(0.56) 0.13(-043;0.16) 2.79(1.00)  3.01(0.75) 0.22(-0.08;0.52)  0.15 0.191 0.617 0.053
1Qmax (L-min) 135(25) 13.0(20)  05(-21;1.1) 15241  163(3.6)  1.2(-0.6;2.8) 0.19 0.085 0.480 0.096
SV (ml-beat™) 119 (13) 113(19)  6.6(-19.5;62) 102 (30) 105(24)  3.6(-9.2;16.5) 0.01 0.199 0.694 0.185
NaD0,diffymee mL- L 118.7(19.7)  137.4(20.5)°  18.6(3.2;34)  121.1(22.4) 129.7(172) 8.7(-6.7;24.1) 0.34 0.799 0.005 0.609
102E e maxc 64 (9) 76 (12)" 12 (3; 21) 67 (12) 70 (8) 3 (-6; 12) 0.32 0.794 0.009 0.117
Powermax (W) 133 (32) 158 (34)" 25 (18;32) 132 (33) 161 (34)" 28 (21; 36) 0.83 0912 <0001 0372

Values are expressed as mean = standard deviation; *: P value from the two-way ANOVA are listed as group effect (G), time effect (T), groups x time effect (G x T); : Post-hoc test
identifies significance (P < 0.05) in differences between PRE and POST; }: Post-hoc test identifies significant trend (0.05< P < 0.1) in differences between PRE and POST; ||: partial eta
squared calculated for interaction effect; §: Post-hoc test identifies significance (P <0.05) in differences between the two groups PRE; §: SL-ET, n=10; DL-ET, n=10
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Table 4: Main cardio-respiratory and cardiovascular variables assessed during single leg cycling incremental test (SL-INC) before (PRE) and after (POST) endurance

training period. Single leg cycling endurance training (SL-ET) and double leg cycling endurance training group (DL-ET) groups.

SL-ETgre (n=17) DL-ETgre (n=16) Effect size P values*
Parameters SL-INC PRE POST Me*(‘gsf/iffgl‘)’“ce PRE POST Me?;‘s‘z/ioffgl‘;“ce np’ G T GxT
VOnmax (ml-min’!) 1383 (379) 1574 (306"  191(91;290) 1416 (331)  1685(334)" 269 (166;371) 0.65 0532 <0.001 0.206
VO (ml-kglmin®)  17.2(63)  199(63)"  27(1539)  185@&1)  218@&D"  33(21;46) 0.68 0376  <0.001 0.379
Vemax (Lomin ) 629(18.6) 812(194) 183(12.3;243) 61.5(132) 763 (143)"  14.8(8.6;21) 0.73 0.566  <0.001 0.344
12 e (15 112(22) 118 24)" 6 (0.3; 11) 13522 135(22) 0.3 (-5; 6) 0.83¢ 0.014 0.079 0.106
Sp01 (%) 9 (3) 97 (1) 1.4 (0;3) 9 (1) 9 (2) 0(-1.6; 1.7) 0.05 0.226 0.224 0.566
1Qmax (L-min) 121@43) 12927  12(-053)  135@1) 14235  0.7(-08;22) 0.08 0.381 0.190 0.987
ISV (ml-beat™) 10920  115(14)  63(-67;193)  94(21) 100 (25)  5.5(-6.4;17.3) 0.12 0.078 0.119 0.907
l(a-TOadifme mL-L! 1164 (12.7) 1203 (12.6)  3.8(-7;147)  1129(24.1) 1250(267) 12.2(22;22.1) 0.26 0.941 0.017 0.186
Powerua (W) 71 (20) 88 (21)' 17 (12; 22) 74 (20) 90 (20" 16 (11; 20) 0.81 0757  <0.001 0.623

Values are expressed as mean =+ standard deviation; *: P value from the two-way ANOVA are listed as group effect (G), time effect (T), groups x time effect (G x T); : Post-hoc test
identifies significance (P < 0.05) in differences between PRE and POST; i: Post-hoc test identifies significance (P < 0.05) in differences between the two groups PRE; §: partial eta
squared calculated for interaction effect; ||: SL-ET, n=10; DL-ET, n= 12.
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Figure 1.
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Appendix
The following paragraphs illustrate the concepts behind the model of the conductance — resistance in-
series to the oxygen flow that helped us quantifying the role of the physiological factors that limited
VOamax in our subjects. These concepts were clearly explained in insightful papers and they are only
briefly summarized below (di Prampero and Ferretti, 1990; Capelli et al., 2006; Bringard et al., 2010).
The oxygen cascade, i.e. the progressive drop of the PO, along the pathway from air to
mitochondria, is composed by several steps in series and each of them could be considered as a
resistance (R;) that has to be overcome by a pressure gradient (AP;). The oxygen flow (VO>) along the

pathway and through each resistance at VOamax can be described as

. APy AP;
VOZmax = _ =" (Al),
Rr R;

where Rrrepresents the total resistance to the oxygen flow that has to be overcome by APr, the
total pressure gradient. Considering that the resistances are located in-series, the sum of the individual

R; yields Ry; likewise, APris given by the sum of all individual AP;, and it corresponds to:

AP7=P1o2 = Pmo2 (A2),

where Pio2 and Prno2 represent the partial pressure of oxygen in inspired ambient air and in the

mitochondria, usually set to 0 mmHg. For n resistance in series at VOamay, therefore, we have:

PIOZ _Apl _Apz_ _Ap(n—l)_APn
Rt Ri Ry = Rup_1) Rp

VOZmax = (A3)a
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where AP, corresponds to the individual O» partial pressure difference needed to overcome the
corresponding R,.

In normoxia, AP7 remains constant also in presence of marked modifications of VOamayx induced,
fi., by training or immobilization. Therefore, the observed modification in VOamax Will be induced
either by the reduction or by the increase of Rz, in turn affected by the consensual modifications of one
or more of its elements in series, R;. If we develop the algebra of the model after having imposed a

given modification of VOamax, we obtain:

P102

V Oomax + AV Oomax = ————=—
2ma XX Rp+ART

(Ad);

where VOamax + AVOamax is the change in AV Oamax caused by a modification in Ry (AR7). In Eq.
(A4) VOomax represents the value preceding the intervention and VOamax + AVOoma is the value
obtained in response to the intervention: an increase of VOamax Will correspond to a decrease of Rr

(AR will be negative) and vice versa. Dividing Egs. (A3) by (A4), we will then obtain the following

expression:
Vosmax — 1+ ART (A5)
Vozmaxt AV02max Rt

which can be also written as follows:
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VOZmaX _ 1+ ARl +AR2+ +AR(n_1) +ARn (A6a)
Voomaxt AV02max R

or:

V0zmax _ ARy ARz ARmon ARy (A6b)
VOZmaX+ AVOZmaX Rt Rt Rt Rt

We now can also introduce the concept that the fraction F; of the total limitation to VOazmax

represented by any given individual R; is simply the ratio between a given resistance R; and Ry

Fi=— (A7)

Therefore, (A6b) can be expressed by substituting Rz with the corresponding F; to obtain:

VOsmax 1t F1-ARy FzARp +F(n—1)'AR(n—1) , Fn-ARy

- : (A8)
Vo,maxt AV0omax Ry R> Rmn-1) Rn

If one and only one of the in-series resistances undergoes a modification leading to a change in
VOamax, the approach summarized in Eq. (A8) can be substantially simplified, in fact all the other
ratios will be zero, with exception of the one referred to modified resistance. For instance, should only

the cardiovascular resistance Rq, be acutely changed, Eq (A8) can be written as follows:
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VOZmax — 1+ Fg-ARq

- : (A9).
VOZmax+ AVOzmax Rq

Now Fq represents the fractional limitation imposed by Rq to VOamax. The theoretical line
reported in Fig 1 (panel A and B) is the graphical representation of Eq. (A9) and it was obtained in the
particular case where only Rq was acutely changed and the consequent and corresponding increases-
decreases in VOamax measured. In this case, if we plot on the y-axis the ratio of the values preceding
and following the intervention (left arm of Eq. (A9) as a function of the corresponding ARq/Rq, a
linear relationship is drawn having the y-intercept and the slope equal to 1 and to Fq (slopes of the
straight lines in Fig 1, panel A and B), respectively.

Rgq can be quantified as the reciprocal of Q multiplied by the oxygen transfer coefficient in the

blood phase (Bb), which in turn corresponds to the average slope of the oxygen equilibrium curve:

1 1 1
Q' Bb Q CaOZ anz

Ro= (A10),

where Q.0: represents systemic O delivery. In the case of acute modifications of QaO2zmax, and
hence of Rq, Fq turned out to be equal to about 0.70-0.75. This indicates that maximal systemic O>
delivery accounts for about 70 % of the total factors limiting VOamax downstream the lungs, the
remaining 30 % being represented by all the lumped peripheral factors. In order to better highlight this
concept, we can perform a hypothetical experiment wherein we are able to double QaOzmax. This

increase in maximal O delivery will increase VOamax by about 70-75 %.
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In the present investigation, b was not assessed; however, as S,0> did not substantially change
in response to the training intervention, only modifications in arterial oxygen concentration (CaO3)
might lead to changes in 3b, as we properly considered in the calculations.

The intervention represented in panel A of Fig 1 refers to the DL-ET, where we can likely
suggest that only the modification in Q.0 were responsible for the alteration in VOamax. Conversely,
the experimental points, reported in panel B Fig 1, do not lie around the theoretical line Fo=0.75. This
is because VOamax underwent a larger improvement than the one predicted from the change of Rq. only.
In other words, another resistance was reduced by the intervention and this could be only the
peripheral (muscular) resistance Rm as VOamax is not limited by the respiratory system in healthy
human at sea level (Ferretti, 2014) and the model at stake considered only the limiting factors
downstream the lungs (di Prampero and Ferretti, 1990; Capelli et al., 2006; Bringard et al., 2010).

In addition, the model would also allow to quantify the relative change of the peripheral,
muscular resistance (ARm/Rm) under the proviso of assuming a fixed Fop.

Since the experimental data of SL-ET do not seem to lie on the line for Fp = 0.75, an additional
peripheral resistance was decreased, and this could only be the peripheral (muscular) one (Rw). So,

equation Alo can be now expanded as follows:

V0umax _ 1, Fo:8Rq, Fry ARy

- : (Al1).
Voomaxt AVOZmax Rq Rm

By using the data appearing in Table 3 in Equation All, the ratio ARw/Rm, showed that Rm
decrease by about 50 % after single leg training suggesting a substantial improvement of the peripheral

gas exchanges.
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Supplementary Material
Table S1: Main cardio-respiratory and cardiovascular variables assessed during double leg cycling incremental
test (DL-INC) at baseline (PRE) of the heart transplant (HTx) and non-cardiac transplant recipients (kidney and

liver transplanted patients).

DL-INC HTx (n= 13) trai‘;‘f;ﬁi‘r(if"zo) P

VO2p-max (ml-min™) 1770 (486) 1710 (427) 0.710
VO3 pmax (ml-kg'-min) 20.6 (6) 23 (6.5) 0.294
VE-max (L-min™) 81.1 (17.6) 76 (19.9) 0.457
V0, at VTI 1322 (253) 1262 (253) 0.516
Hgb (mg-dL") 14.4 (2.1) 14.2 (1.7) 0.749
HRnax (bpm) 121 (27) 141 (20) 0.021
*QaO0smax (L-min™") 2.85(1.06) 2.50 (0.51) 0.351
*Qmax (L-min™) 15.1 (4.2) 13.8 (2.6) 0.412
*SV (ml-beat™) 122 (21) 101 (23) 0.043
*(a-V02diff) max mL-L"! 121 (16) 119 (24) 0.803
*O)Extre-max (%) 66 (13) 65 (10) 0.828
Powelmx (W) 135 (36) 131 (30) 0.689
Power at VT1 (W) 80 (18) 74 (16) 0.332

Values are expressed as mean =+ standard deviation.

*: HTx, n = 9; non-cardiac transplant, n = 11.
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ABSTRACT

We investigated the effects of 24 sessions of single leg (SL-ET) and double leg (DL-ET) cycling
endurance training on O deficit (O;Def) and mean response time (MRT), during square-wave
moderate intensity exercise, and on the amplitude of VOa, slow component (SCamp), during heavy
intensity exercise, on 33 patients (heart transplant = 13, kidney transplanted = 11 and liver
transplanted = 9). After SL-ET, O;Def, MRT and SCamp decreased by 16.4% (13.7) (P = 0.008), by
15.6% (13.7) (P=0.004) and by 35% (31) (P = 0.002), respectively. After DL-ET, they dropped by
24.9% (16.2) (P < 0.0001), by 25.9% (13.6) (P <0.0001) and by 38% (52) (P = 0.0003), respectively.
The magnitude of improvement for the O;Def, MRT and SCamp were not significantly different
between SL-ET and DL-ET (P = 0.277, P = 0.083 and P = 0.601, respectively) after training. We
conclude that SL-ET is as effective as DL-ET if we aim to improve VO, kinetics in transplanted
patients and suggest that the impaired VOa, kinetics is mainly decelerated by the impairment of

peripherals exchanges likely due the immunosuppressive medications and disuse.

Key Words: pulmonary oxygen uptake kinetics, solid organ transplant, single-leg cycling, endurance

training, slow component

Novelty
e SL-ET is effective to accelerate VO, kinetics and reduces the SCamp in transplanted recipients.
e SL-ET is as successful as DL-ET to improve VO, kinetics and indexes of exercise tolerance in

transplanted recipients.
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INTRODUCTION

Heart, kidney, and liver transplant recipients (HTx, KTx, and LTx, respectively) are characterized by
lower values of peak pulmonary O, uptake (VOazppeak) in comparison with mates of similar age
(Williams & McKenna, 2012). A high VOapak is a strong predictor of cardiovascular mortality
(Duscha et al., 2005); however, the most common daily activities are carried out at submaximal
intensities and require continuous transitions from one exercise intensity to the other. The rate of
adjustment of the muscles' oxidative metabolism may likely limit physical performance in these
circumstances.

The kinetics of pulmonary Oz uptake (VO2) from the rest to a constant external workload directly
affects muscular metabolic stability. When a constant load exercise is performed at moderate intensity
[below the 1% ventilatory threshold (1VT)], VO,, after a first and sudden increase (phase I) of
cardiovascular origin, raises following mono-exponential kinetics (phase II) to attain VO, steady-state
(VOass). For a given work rate, the faster is the VO», kinetics, the more rapidlyV Oass will be reached,
leading to a lower intracellular perturbation (e.g., accumulation of H" and lactate, and depletion of
PCr) and, therefore, to greater exercise tolerance (Poole and Jones, 2012).

For constant load exercise performed at heavy intensity (between the 1VT and the critical power),
VO, requires a longer time to reach VO, because the so-called VO2 slow component (VOasc) appears
(Poole et al., 1991). A slower increase of, VO, characterizes this phenomenon until the delayed VOas
is reached (Poole et al, 1991). During this more prolonged phase characterized by a delayed
adjustment of the oxidative metabolism, a substantial amount of ATP comes from a more significant
contribution of the anaerobic glycolysis to the overall energy turnover (Colosio, Caen, Bourgois,
Boone, & Pogliaghi, 2020). As we approach VO, there seems to be a shift in metabolic sources, as
the contribution of oxidative phosphorylation increases, and one of the substrate phosphorylation

decreases (O'Connell et al., 2017). Of course, the more extensive and transient accumulation of lactate
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and proton may negatively affect the intramuscular milieu and again impair exercise capacity and
herald a quicker development of exhaustion.

In healthy indivuduals and in normoxia the speed of V Oy, kinetics at the exercise onset is likely set by
the rate of muscle O utilization (mV O;), rather than by muscle Oz delivery (QmO2); on the contrary,
when pathological conditions reduce muscle QmO2, VO kinetics becomes slower (Grassi, 2001).
Besides, VO kinetics is decelerated when dysfunctions in the oxidative metabolism of skeletal muscle
are present. Indeed, slower VO; kinetics have been reported in patients with muscle abnormalities (i.e.,
mitochondrial myopathies and McArdle's disease) (Grassi et al., 2009). Notably, transplanted
recipients (Tx) show several muscle defects that may impair peripheral gas exchanges. These sequelae
are induced by several concomitant causes, such as immunosuppressive therapy, which negatively
affect muscle tissue, and disuse/deconditioning (William and McKenna., 2012; Capelli et al., 2006;
Mercier et al., 1995; Hokanson et al., 1995). Indeed, slower VOzp kinetics were found in Tx. Still,
most of the studies investigated HTx, and only one investigation focused on LTx and KTx, where
peripheral muscular factors are more likely negatively affected, (Jendzjowsky et al., 2007; Tomczak et
al., 2008; Tomczak et al., 2013). Accordingly, Tomczak et al. reported impaired VO, kinetics in
thoracic Tx (i.e., HTx) and abdominal Tx (i.e., KTx and LTx). The authors concluded that the
impaired ability to accelerate mV Oy, rather than the slower rate of adjustment of QnO2, might be the
leading cause for the degraded VO, kinetics in HTx, LTx, and KTx (Tomczak et al., 2008; Grassi et
al., 1997).

Is it well known that ET elicits favorable adaptations at cardiovascular and muscular levels, speeding
VO, kinetics, and reducing the VOzpsc amplitude (SCamp) (Jones & Carter, 2000; Klausen et al., 1981;
Rud et al., 2012). Small muscle mass [i.e., single-leg cycling (SL) or knee extension exercise] ET, f.i.,
seems to be more effective than double-leg cycling (DL) if the aim is to improve the oxidative

metabolism of skeletal muscle (Abbiss et al., 2011). Moreover, knee extension training in elderly
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subjects resulted in the speeding of VOa, kinetics accompanied by a higher mitochondrial oxidative
capacity, but without larger muscle blood flow velocity and a larger muscle capillarization (Bell et al.,
2001). Furthermore, the only one training study on HTx disclosed that a combination of ET and
resistance exercise was an effective intervention to accelerate VO kinetics. Unluckily, this finding has
not been extended to KTx and LTx yet (Tomczak et al., 2013). Besides, no researches determined the
effect of ET on SCamp in HTX, LTx and KTx.

Considering that: 1) disuse/deconditioning and immunosuppressant side-effects are common causes of
the frequent muscular abnormalities found in HTx, KTx and LTx and; i1) small muscle mass training
leads to favorable adaptations to peripheral gas exchanges, we can hypothesize that peripheral factors
affecting the muscle's capacity of extracting and utilizing O> might be the main responsible for the
slower V Oy, kinetics in transplant patients. Moreover, we may hypothesize that ET involving a small
muscle mass (SL) might be as effective as traditional whole-body ET (DL), if one aims to improve

V Oy, kinetics in this class of patients.

METHODS

Participants and anthropometric characteristics

Thirty-eight sedentary and clinically stable Tx (i.e. not presenting conditions that that required
hospitalization) (n: 14, HTx; n: 13, KTx; n: 11, LTx) were recruited in the current investigation. This
study was approved by the local Institutional Review Board (n: 8/IRB DAME) and was carried out in
compliance with the principles of the Declaration of Helsinki. Before beginning the study, all patients
underwent a full medical anamnesis and physical examination and were informed about the potential
risks associated with the experiments; then, they gave their informed consent. Pregnancy was
considered as an exclusion criterion, moreover, patients with cardiopulmonary diseases, cancer and
orthopaedic issues compromising cycling exercise were excluded from the study. Patients were only
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included at least 1 year after transplantation. Before the beginning of the training period, 5 volunteers
dropped out of the study: 2 because of orthopaedic injury, 1 for malignant diseases, and 2 for personal
reasons; finally, 33 subjects (male = 28; female = 5) participated in the study (HTx= 13, KTx= 11 and
LTx=9).

Body mass was measured to the nearest 0.1 kg with a mechanical scale (Seca 709, Hamburg,
Germany) with the subject dressed only in light underwear and no shoes. Stature was measured to the
nearest 0.5 cm on a standardized wall-mounted height board. Body mass index was calculated as body

mass (body mass, kg) multiplied by the squared stature (m).

Study design

After the first visit, subjects were assigned randomly to SL (SL-ETgrp; n = 17) and DL (DL-ETgrp; n
= 16) endurance training group. Preliminary tests, including assessment of anthropometric and
physical capacities, were performed during two-weeks before (PRE) the beginning and immediately
after (POST) completion of the ET period. Before the start of the study, participants were familiarized
with the equipment and procedures. They were asked to avoid strenuous exercises the day before the
experimental sessions and avoid any caffeinated drinks (5h) and meal consumption (3h) before every
test. Subjects were referred to the laboratory in three subsequent days. On the first visit, after the
medical screening and anthropometric measurement, subjects performed the double-leg cycling step
exercise (DL-INC). On the second day, participants completed a double-leg moderate constant load
exercise (DL-MOD), and on the third visit, they carried out two tests. Firstly, DL-MOD repetition
and, secondly, a double-leg heavy constant load exercise (DL-HVY). The two exercise bouts were
separated by at least 15-30 min of rest. All the individual experimental sessions were interspersed by

at least two days of recovery.
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Double leg incremental step test

During DL-INC, after 3 min at rest, the patients pedalled for 6 min at 25 W or 40 W. Immediately
after the baseline cycling, a symptom-limited (leg fatigue or shortness of breath) DL-INC was
performed, increasing the mechanical power by 15 W each minute until exhaustion. Participants were
asked to keep a constant pedalling cadence, which was digitally displayed, at their preferred rate (60—
75 RPM). They were asked to cycle until volitional exhaustion or until they were not capable to
maintain the cadence above 60 rpm in spite of strong verbal encouragement. After exhaustion, the
work rate was decreased to 25 W for five minutes to cool down. The rates of perceived exertion for
leg fatigue (RPEieg fatigue) and dyspnoea (RPEayspnea) were registered at the end of DL-INC (Borg,
1982). VOappeak, peak, CO» production (VCOappeax), minute ventilation (Vepea), and heart rate
(HRpeak) were determined as the highest averages measured in subsequent 30-s epochs. If, during the
last step, a subject achieved exertion before the end of the stage, peak power output was calculated as
previously reported (Lepretre et al., 2004). Briefly, if during the last step of the DL-INC, a subject

reached the exertion before the end of the stage, the corresponding POmax was calculated as:

POumax = POF + [(£/60)- 15]

where POf was the mechanical power (W) of the last terminated step, t represented the time
maintained (s) for the last workload and 15W was the increment in the mechanical power for each
stage. V01-VT1 was assessed by two independent and trained researchers using the V-slope method;
ventilatory equivalents (Vi/VO; and Ve/VCOz) and pressure end tidal (PET Oz and PET CO,) were
used as ancillary criteria (Whipp et al., 1981). If agreement was not found between them, a third
independent assessor applied the three methods and V0,-VT1 was determined only when the three
investigators agreed on the results. Then, for each patient, the VO, vs power relationship was left
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shifted by a fixed amount of time, 30sec, to calculate the mechanical power corresponding VO,-VT1.
VOap, VCO2p, and Vi were continuously assessed breath-by-breath by using a metabolic unit (CPET,
Cosmed, Italy); HR was obtained from the ECG signal. Before each experiment, O, and CO>
analysers and the turbine flowmeter, for the expiratory flow measurements, were calibrated by
utilizing gas mixtures of a known composition (16.00 % O, 4.00 % CO», nitrogen as the balance) and

with a 3 L syringe imposing three different flow rates.

Constant load exercises

After positioning the ECG electrodes in the second visit, a DL-MOD exercise test at a work rate
corresponding to 80% of the power output at VT1 was carried out. After 3 minutes at rest sitting on
the bike, participants immediately started cycling at constant work rate for 10 min and were asked to
keep a constant pedaling cadence at their preferred rate (60-75 RPM), which was digitally displayed,
and recorded for the subsequent experimental sessions. Once the cycling bouts were concluded, the
RPEiee fatigue and RPEgyspnea Were registered. Gas exchanges and Vi and HR were continuously
measured throughout the test.

In the third experimental session, the DL-MOD was repeated. Once the first exercise bout was
completed, volunteers rested sitting on the bike for ~15 to 30min. Afterward, a DL-HVY test was
performed at a work rate corresponding to the 40% of the difference between V0,-VT1 and VO2p-pea.
Subjects were asked to pedal until exhaustion. In any case, the exercise was always interrupted after
14 minutes of cycling. RPEeg fatigue and RPEayspnea Were registered at the end of the test. Blood lactate
concentration ([La]®) was assessed by an enzymatic method (Biosen C-line; EKF). Measurements
were taken at rest, at the 1% min after the DL-MOD cessation, and at the 1%, 3’ and 5" min after the
end of DL-HVY; the highest value registered during the recovery phase was retained as peak blood
lactate concentration ([La]%peak).
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Endurance training

Volunteers in the SL-ET and DL-ET groups started an §8-week cycling training programme with 3
supervised sessions per week. The training pattern consisted in high-intensity, interval training (HIIT),
which has been shown to be a safe and feasible exercise mode for transplanted patients (Herman et al.,
2011). Two protocols of training were used, alternatively, to increase participant adherence to the
training programs, as previously applied (Saltin et al., 1976; Skattebo et al., 2020). These two training
protocols were reported to be effective in imporving the VOappeak in SOT (Herman et al., 2011;
Nytreen et al., 2012). Therefore, the patients underwent 1) 12 ET sessions that included 4 min at high
intensity followed by 3 min of active recovery; each bout was repeated 4 times and: i) 12 ET
consisting of 2 min at high intensity followed by 2 min of active recovery; in this case, each bout was
repeated 6 times. Each HIIT training session was always preceded and followed by 5 min of warm-up
and 5 min of cool down, respectively. The DL-ET group performed DL training for the whole session;
conversely, the SL-ET group completed the first half of the training pedalling with one leg and the
second half with the other leg. With this configuration, both groups trained for the same interval of
time. Furthermore, patients in both DL-ETgrp and SL-ETcrp were asked to keep a fixed cadence,
within the range of 60 to 70 RPM, during the ET sessions; hence the mechanical work performed by
the skeletal muscle was similar for DL-ET and SL-ET.

For the SL exercise, the bikes were arranged as for SL-INC (see below). The workload imposed for
the HIIT was set to elicit a value equal to or higher than 15 of RPEgyspnoca during the DL-ET (6-20
Borg’s scale) and equivalent to or greater than 5 of RPEieg futigue during the SL-ET (1-10 Borg’s scale)
(Buchheit and Laursen, 2013). The intensity of the active recovery was tailored to achieve a score
equal to or lower than 12 on RPEdyspnoea and equivalent to or lower than 2 on RPEjeg fatigue 1n the two

exercise modalities, respectively. The training load was adjusted weekly; HR, RPEdyspnoca and RPEieg
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fatigue Were continuously monitored during HIIT and during the active recovery phases. The utilization
of the RPE (i.e. Borg’s scale) was previously showed to be an effective criterion for high intensity
exercise prescription (Ciolac et al., 2015; Gordon et al., 2019). HR was recorded throughout the
training and HR values occurring in the last15 sec before the end of each interval of high and low
intensity were averaged; RPEieg fatigue and RPEgyspnoca Values were recorded at the end of each interval
of high and low intensity. Research assistants were responsible for verifying that each subject
participated in each training session, performed the exercises correctly, and completed at least 90 % of

the training sessions.

Data treatment

VO2pss, VCOap-ss, Viss and HRss were computed by averaging breath-by-breath values assessed in the
last 2 min of the two DL-MOD. As for DL-HVY, the values of VO, Vi and HR recorded in the last
minute of exercise were averaged. [La]® at the end of DL-MOD was calculated as the average of the
two values obtained at the end of the DL-MOD tests. Oxygen deficit (O.Def) was obtained as
previously reported (Capelli et al., 2009). Briefly, B-by-B VO, values of each DL-MOD repetition
were interpolated to 1-s intervals (Lamarra et al., 1987), time aligned with the onset of the exercise
test, and treated by subtracting the VO at rest. The two repetitions' data were then combined to obtain
a single data file for each subject and condition. O2Def was calculated as the difference between the
O that would have been consumed if VOas had been attained immediately at the beginning of the
exercise and the volume of O taken up during exercise. The first quantity was calculated by
multiplying VOas in ml Oz s by the exercise duration (600 s). The O, volume consumed during
exercise was calculated by summing progressively the VO, values expressed in ml Ox's” from the
trial's onset to 600 s. Mean response time (MRT) was then computed as the ratio between O;Def and

the corresponding VOass (Capelli et al., 2009). Gross pedaling efficiency was calculated according to
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Péronnet and Massicotte (1991), the oxygen cost of cycling (Ozcost) was computed dividing the
difference between VOassand resting VO for the corresponding W (Péronnet and Massicotte (1991).

To detect VOasc during DL-HVY, we averaged and linearly fitted the VO, values calculated every
30sec from the 3™ to the 6™ of exercise. A positive slope significantly different from 0 would indicate
the development of the VOasc (Salvadego et al., 2017). Moreover, the SCamp during the DL-HVY was
determined as the difference between the VOyp at the 3™ min and that at the last minute of exercise
(Billat et al.,1998). Vi values were also averaged every 30sec and were used to estimate the work of

breathing (WB) and the oxygen cost of respiratory muscles (VOazrm) according to (O'Connell et al.,

2017):
WB =—0.430 + 0.050 - (Vg) + 0.00161 + (Vg)? (1)
VOa2rm = (34.9 + 7.45 - WB) (2)

HR values coinciding with each single DL-MOD repetition were time aligned with the exercise onset
and superimposed, then the HR values were averaged each 5-sec epoch. Afterward, the data were

fitted by the function:

y(t) = ypast Af[l'e(t_TDf)/Tf) ] 3)

where y(7) represents HR as a function of time #; ypy4s is the baseline value of HR; Ay is the amplitude
between baseline HR and that at steady-state of the fundamental component; TDy is the time delay,

and; Ty is the is the time constant of the function for the fundamental component.
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Statistics

Data were analyzed with Prism, version 8.0 (GraphPad Software, La Jolla, CA, USA). Data in text
and tables are presented as means + standard deviation (SD), unless otherwise stated. Besides, the
mean difference is expressed as PRE minus POST values. Shapiro—Wilk test was used to verify the
normal distribution of the data. PRE and POST investigated cardiovascular, cardio-respiratory and
VO, kinetics parameters were analyzed using a two-way, within-subject ANOVA, with groups (SL-
ETgrp and DL-ETgrp) and time (PRE- and POST- training) as the two factors. If a significant main
effect or interaction effect were found, post hoc Bonferroni's multiple comparisons test was
performed. Paired Student's t-test was used to compare the 30sec averaged VOapss within the two-
training groups during DL-MOD. The differences between SL-ETgrp and DL-ETgrp in the
anthropometrics before training, the variables measured during training and the number of ET
sessions, performed by each group, were analysed with unpaired Student's t-tests. Linear regressions
were calculated by the least-squared residuals method (Motulsky and Christopoulos, 2004) and the
difference between slopes was evaluated as indicated by Zar (Zar, 1974). Partial eta squared (np?) was
calculated as previously reported (Del Vecchio et al., 2019) and np? for main effect of time, unless
otherwise stated, and 95% confidence interval of mean difference between PRE and POST values are
reported in Tab 4, 5 and 6. Alpha level was set to < 0.05, and values between > 0.05 and < 0.10 were
considered to indicate trends.

The HR model parameters were estimated using an iterative, weighted nonlinear least-squares
procedure (Marquardt, 1963) implemented by the commercial software for data analysis Prism,
version 8.0 (GraphPad Software, La Jolla, CA, USA). We entered initial guesses of the parameters of

the model after visual inspection of the data.
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RESULTS

Patient characteristics and the exercise training regimen

The current investigation mainly presents and discusses only the results related to the VO,, and HR
kinetics assessed during DL-MOD and DL-HVY. Three participants in the SL-ETgrp and one in the
DL-ETgrp completed only one DL-MOD. Therefore we decided to exclude their data from the
analysis of VO, and HR kinetics. The main anthropometric characteristics and maximal cardio-
respiratory parameters, at PRE, are reported in Table 1. The pharmacological therapies and the
morbidities that led to organ transplants for the SL-ETgrp and DL-ETgrp are reported in Table 2 and
Table 3, respectively.

Volunteers participated to the 97.8 % (6.3) and to the 99.2 % (2.3) (P = 0.398) of total exercise
sessions for the SL-ETgrp and DL-ETgrp, respectively; no adverse events were reported. The DL-
ETcrp reported higher values for the RPEdyspnoea [16 (0.7)] than the SL-ETgrp [14 (0.7), P < 0.001];
conversely, no differences were found for the RPEeg fatigue in the DL-ETrp and SL-ETgrp [7 (0.7) and
7 (0.4), P = 0.826]. The two groups trained at the 91 % (7) and 87 % (11) (P = 0.269) of the HR nax,

reached during the DL-INC, for the DL-ETgrp and SL-ETgrp, respectively

Double leg moderate constant load test

The data related to VO, and HR kinetics are reported in Table 4. Those assessed during steady-state
exercise are presented in Table 5. VO, and HR kinetics parameters for HTx and non-cardiac Tx are
shown in table 1 of Supplemental Material. The data of Tx treated with -blocker medications and of
the patients not treated with B-blockers are shown in table 2 of Supplemental Material.

At PRE HRss (P = 0.016) was slightly, but significantly, higher in DL-ETgrp (Table 5). HR at baseline
and the response amplitude of HR kinetics tended to be lower in SL-ET (P = 0.064 and P= 0.098,
respectively) (P = 0.061) (Table 4).
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The VOuss assessed during DL-MOD corresponded to 92 (6) % and 92 (6) % of VO»-VT1 for SL-
ETcre and DL-ETgre, respectively. Moreover, the 30-sec averaged VO, calculated during the 3™
minute (from 180" sec to the 210" sec) of the exercise was not significantly different from the one
calculated during the 6™ minute in SL-ETgrp and DL-ETcre (P = 0.306 and P = 0.517, respectively).
This finding confirmed that V Oy, attained a stable steady-state.

At POST, O2Def significantly decreased by 16.4 % (13.7) (P = 0.008) and 24.9 % (16.2) (P < 0.0001)
in SL-ETgrp and DL-ETgrp, respectively. Likewise, MRT dropped by 15.6 % (13.7) (P = 0.004) (P =
0.004) in SL-ETgrp and by 25.9 % (13.6) (P < 0.0001) in the DL-ETgrp (Table 4). The changes in
O:Def and MRT were not significantly different between the two groups (P = 0.277 and P = 0.083,
respectively). HRtau decreased by 32 % (22), in SL-ETgre (P =0.001), and by 23 % (41) DL-ETgrp (P
= 0.006); no differences were found between the two groups (Table 4). 1> of the fitting ranged from
0.94 to 0.99 and from 0.95 to 0.99 for both groups at PRE and POST, respectively.

Viss tended to decrease by 4.7 % (6.5) in SL-ETgre (P = 0.065) and was significantly lower by 5.4 %
(7.6) in DL-ETgrp (P = 0.017). Moreover, also HRss was significantly reduced by 5 % (7.5) and 8.5 %
(5.2) in SL-ETgrp (P = 0.011) and DL-ETgrp (P < 0.0001), respectively (Table 5). The change in
VEss wWas not statistically different between the two groups (P = 0.154). HRs, tended to assume a lower
value in DL-ETgre compared to SL-ETcre (interaction effect (G x T), P = 0.094). [La]® was
significantly reduced by 25 % (18) in SL-ETgrp (P = 0.0003) and by 37 % (17) in DL-ETgrp (P = <

0.0001); the changes tended to be different between the two groups (G x T, P =0.057) (Tab 5).

Double leg heavy constant load test
The results regarding cardio-respiratory parameters assessed during DL-HVY are reported in Table 6.
The slopes of the linear relationship between the VO, vs. time were significantly different from zero in

SL-ETare (P < 0.0001) and in DL-ETgre (P < 0.0001), indicating the presence of VOasc (Fig 1).

92



Moreover, the two slopes were not significantly different (P = 0.676). Only one subject was not able
to reach the 6™ min of DL-HVY. Therefore, he was excluded from the slope analysis. As for SL-
ETarp, 15 volunteers reached the 8" min, 14 the 9™ and 12 the 14™ min of exercise; as for DL-ETgrp,
15 subjects reached the 8™, 14 the 9™ and 12 the 14" min of exercise.

At POST, all subjects in DL-ETgrp terminated the test, whereas in SL-ETgrp only one volunteer
terminated the trial at the 7™ min. In SL-ETgrp, SCamp decreased by 35 % (31) (P = 0.002); likewise,
in DL-ETgrp it dropped by 38 % (52) (P = 0.0003). The changes were not significantly different
between the training groups (P = 0.654) (Table 6). The angular coefficients of the linear relationship
between VO, and time were statistically different from zero in SL-ETgrp and DL-ETgrp also at POST
(P = 0.0004 and P = 0.0002, respectively) (Fig 1); they were also significantly lower than those
prevailing at PRE in both SL-ETgrpand DL-ETgrp (P < 0.0001 and P =0.0012, respectively) (Fig 1).
VOa.rm statistically decreased by 13 % (19) and by 23 % (15) in SL-ETgre and DL-ETgre,
respectively (P = 0.023 and P = 0.0003, respectively) (Table 6). To assess if VOarm substantially
contributed to VOapsc, "gross"VOi, was correct by subtracting the estimated VO,rm and we
calculated again the slope of the regression lines from the 3™ to the 6™ min. The angular coefficients
of the corrected VOy, vs. time were not significantly different from the ones obtained from the
"gross"V Oy vs. time in SL-ETgrp (P = 0.297) and DL-ETcre (P = 0.496). Besides, the slope of the
corrected VOyp vs. time was not significantly different between DL-ETgre and SL-ETcre (P = 0.370)
(Fig. 2).

V0, at the last min of DL-HVY decreased by 4.1 % (5) (P = 0.012) and 6.3 % (7.5) (P = 0.001) in SL-
ETcre and DL-ETgrp, respectively; there was no difference between the changes in the two groups
(P= 0.469; Table 6). Vi was 10.6 % (10.4) (P = 0.001) and 17.1 % (9.3) lower (P < 0.0001) in SL-
ETcre and DL-ETGgre, respectively (Tab 6); Ozcost decreased, although not significantly so, by 4.1%

(5.8) (P =10.018) in SL-ETgrp; it significantly dropped by 6.7 % (8.3) (P =0.002) in DL-ET (Table 6).
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Neither 7& nor Oxcost were significantly different between the two groups (P = 0.158 and P =0.160),
respectively) (Table 6).

HR at the end of DL-HVY significantly decreased by 6.2 % (5.3) (P = 0.002) and 9.1 % (6.7) (P =
0.002) in SL-ETgrp and DL-ETgrp, respectively; a tendency towards a difference was found between
the two groups (P = 0.098, Table 6). [La] e statistically dropped in SL-ETgrp and DL-ETcrp by 26
% (35) (P = 0.026) and 63 % (70) (P < 0.0001), respectively; moreover, the difference between the

two groups tended to be significant (P = 0.088, Table 6).

4) DISCUSSION

In the current study, we compared the effect 8 weeks of SL-ET vs. those of DL-ET on VO,, and HR
kinetics in transplanted patients for the first time in Tx.

The main results disclosed that: i) SL-ET was an effective strategy to improve VO», and HR kinetics
and exercise tolerance during moderate and/or heavy intensity exercise, i) no difference between SL-
ETcre and DL-ETGrp were found as for the improved VO, and HR kinetics during DL-MOD after
training, iii) no difference between SL-ETgrp and DL-ETgrp were reported for the attenuated SCamp
and for the reduction of the slopes of the linear increase of VO, during heavy intensity exercise. The
intensities for the training sessions were prescribed based on RPE, which is an effective criterion for
high intensity exercise prescription (Ciolac et al., 2015; Gordon et al., 2019). For the DL-ET, the rated
effort during exercise sessions based on RPEdyspnoea Was 16 (0.7) and for SL-ETgrp it was 14 (0.7) (P <
0.001), suggesting that the cardio-respiratory system was stressed more in DL-ET than in SL-ET, as
expected. No difference was found for the RPEieg fatigue recorded during the training sessions, 7 (0.7)
and 7 (0.4) (P=0.826) for DL-ETgrp and SL-ETare, respectively, suggesting that the skeletal muscles
were stressed similarly between the two groups.

SL-ETgrp and the DL-ETgrp included a combination of HTx, LTx and KTx, thus one can conjecture
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that the three different Tx might have different physiological responses to exercise. HTx, because of
the cardiac denervation, are characterized by the so-called chronotropic incompetence (Williams and
McKenna., 2012). This condition is often responsible for the higher HR at rest, a lower HR peak and
sluggish HR adjustment during constant-load exercise that might prevent the attainment of large
values of cardiac output and systemic O delivery during submaximal exercise, possibly
compromising the QmO>. In turns, the reduction of QmO> can impair the VO, kinetics response at the
onset of DL-MOD; indeed, HTx are commonly found with sluggish VO, kinetics (Jendzjowsky et al.,
2007; Tomczak et al., 2008; Tomczak et al., 2013). Therefore, the prolonged HR kinetics, suggesting
a lower rate of QmO2 (MacPhee et al., 2005), should result in slower VO, kinetics in HTx if compared
with non-cardiac Tx. Despite the decelerated HR kinetics, a previous study reported that the VO,
kinetics were not different between HTx and non-cardiac Tx (Tomczak et al. 2008). Additionally, the
increase of QmO> turned out to be ineffective in speeding VO, kinetics in HTx (Grassi et al., 1997).
Our data confirmed this condition; in fact, HTx were found with significantly slower HR kinetics (P =
0.001); however, O,Def and MRT were not different between HTx and non-cardiac Tx (P = 0.406 and
P =0.531, respectively) (see Table 1 in Supplemental Material).

Furthermore, when Tx treated with B-blockers were compared with those not treated, no differences
were detected for HRtay, O2Def, and MRT between the two groups (P = 0.995, P = 0.672 and P =
0.556, respectively) (see Table 2 in Supplemental Material). These findings strongly indicate that
neither the cardiac denervation nor the B-blockade treatment has negatively influenced, per se, the rate
of adjustment of the oxidative metabolism at the exercise onset in our Tx. Considering that the cardiac
denervation affects only HTx, we can hypothesize that different mechanisms elicited the VO,, kinetics
speeding and the SCamp attenuation in HTx if compared to non-cardiac Tx. The identification of the
possible different physiological mechanisms, between HTx and non-cardiac Tx, behind the

improvement of VO, kinetics at moderate and heavy exercise intensity is beyond the purpose of the
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current investigation. In fact, the absence of skeletal muscle biopsies and the determination of QmO:
impedes to clarify if different adaptations occurred between HTx and non-cardiac Tx. Moreover, the
magnitude of change in the SCamp, O2Def, and MRT was compared in cardiac Tx vs. non-cardiac Tx.
SCamp decreased by 22 % (38) in cardiac and by 45 % (43) in non-cardiac Tx, with no difference
between them (P = 0.13). The O2Def was lowered by 23.6 % (15.3) in cardiac and by 16.2 % (15.2) in
non-cardiac Tx, with no difference between the groups (P = 0.212); similarly, MRT improved by 16.4
% (14.1) in cardiac and by 16.2 % (15.2) in non-cardiac Tx, with no difference between the type of
transplant (P = 0.188).

The results showed that ET effectively induced beneficial adaptations of QmO2 or mVO, and,
regardless of the type of transplant, the VO, kinetics were accelerated and SCamp smaller. This
permitted the comparison between DL-ETgrp and SL-ETgrp formed by heterogeneous sets of Tx. The
following paragraphs are devoted to discussing the possible mechanisms behind the observed

improvements.

4.1) VO, kinetics parameters at sub-threshold cycling

The initial differences in HRs, HR at baseline and the amplitude response may be caused by more
patients under B-blockade medications; however, the HRtay was not statistically different between the
two groups.

Previous studies showed that ET speeded VOa, kinetics during moderate exercise in older and young
healthy subjects (Bell et al., 2001; Murias et al., 2011). We confirmed and extended these findings to
HTx, LTx, and KTx. Indeed, MRT significantly reduced in SL-ETgrp and DL-ETGrp and, as a
consequence, O2Def significantly dropped after ET in both groups.

Our results agree with those reported by Tomczak et al. (2013) who showed a faster phase II VO,

kinetics in a group of HTx following 12 weeks of combined endurance and strength training . Besides,
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the faster VO, kinetics assessed for the SL-ETgre agrees with the results provided by Bell and
colleagues who reported accelerated VO, kinetics in the trained leg of elderly subjects after knee
extension training (Bell et al., 2001). If, for a given work rate, a faster VO, kinetics leads to a reduced
O:Def, a lower intracellular perturbation (e.g., A[H+], A[lactate], and A[PCr]) is elicited, thus
increasing the exercise tolerance (Poole & Jones, 2012). Therefore, the ameliorations of MRT and
O:Def conferred by SL-ET and DL-ET led to improved exercise tolerance in the studied patients. Also
the lower [La]®, HRys and Vs seem to indicate reduced cardio-respiratory stress and then an improved
exercise tolerance after training.

The speeding of VO, kinetics was accompanied by a faster HRra, suggesting an improved QmO:
adjustment at the DL-MOD onset (MacPhee et al.,2005). However, neither endothelial function nor
skeletal muscle capillary density seem to improve following training in transplanted recipients.
Indeed, a recent systematic review and meta-analysis concluded that the positive effect of exercise on
endothelial function is not corroborated by scientific evidence (de Souza et al., 2019). Despite the fact
that the genesis of new capillaries within the skeletal muscle is a well-known adaptation to training in
healthy subjects, Lampert et al. did not find any improvement in capillary density after six weeks of
ET in HTx (Hellsten & Nyberg, 2016; Lampert et al., 1998). This finding can be ascribed, in part, to
the cyclosporine toxicity effect on endothelial function (Petrakopoulou et al., 2006; Ramzy et al.,
2005). Cytokine transforming growth factor-beta (TGF-f) has been found to influence vascular
endothelial growth factor (VEGF), which in turn represents a direct-acting angiogenic signal protein
(Klagsbrun & D'Amore, 1991; Pepper et al., 1993). A high concentration of TGF-f exerts an
inhibiting effect on VEGF; on the other hand, low concentrations of TGF-f reinforce the effect of
VEGEF (Pepper et al., 1993). Considering that TGF- is triggered by cyclosporine, one might surmise
that the increased content of TGF- would have negatively affected VEGF, prevent the angiogenic
process and cause the lack of capillarization in the trained muscle of transplanted recipients (Lampert
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et al., 1998). Suppose this is so, an improved mVO, cannot be ruled out as a possible mechanism
behind the speeding of VOs kinetics and the simultaneous acceleration of V2, and HR kinetics make
it challenging to distinguish whether the ameliorations were due to a faster QuO2 or to an improved
muscular capability to extract and utilize O».

Neither Oxcost nor gross pedaling efficiency were statistically changed ET, suggesting that some
skeletal muscle defects might still be present even after the training period (Kempeneers et al., 1990;
Richard et al., 2005). This further points towards the hypothesis that skeletal muscle, when negatively
affected (i.e., by medications, disuse, and systemic organ failure) might provide a more significant

limitation to the exercise capacity (del Torto et al., 2020; Capelli et al., 2006; Esposito et al., 2011)

4.2) Exercise responses to supra-threshold cycling

To our knowledge, this is the first study evaluating the effect of ET, and more specifically SL-ET vs.
DL-ET, on SCamp in HTx, KTx, and LTx. The reduction of SCanp is a well described adaptation to ET;
therefore, the reported drop of SCamp (i.e. expressed in mL of Oz) and the lower slope of the linear
regression of VO, vs. time at POST, when compared to the one assessed at PRE, agree with other
investigations (Jones & Carter, 2000). Moreover, no differences were found between SL-ETgrp and
DL-ETgrp for the reduction of the SCamp and the slopes, indicates that the SL-ET was as effective as
the DL-ET to cause the favorable adaptations responsible for the VOapsc drop. Recent findings have
suggested that the progressive recruitment of the less economic Type II fibers may be not strictly
necessary to induce VOxsc. In contrast, it may derive from mechanisms inherent to the recruited fibers
(Zoladz et al., 2008) that are responsible for the increase of Oz cost of oxidative production of ATP. It
is of note that a recent study (Zoladz et al., 2016) showed that endurance training in rats induced a
temperature-dependent enhancement of mitochondrial oxidative phosphorylation and a significant

drop of mitochondrial uncoupling. Therefore, the decrease of O2 cost for oxidative ATP production in
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each recruited muscle fiber may have substantially potentiated the effect of endurance training on
VOasc. Accordingly, the decreased [La]’cak and the improved exercise economy support the view of
improved oxidative metabolism after endurance training (Holloszy, 1967). However, they cannot
disentangle whether this intrinsic muscular adaptation was more responsible than the modification of
the pattern of motor units recruitment for eliciting VOasc.

Direct muscular causes account for more of the 80% of SCamp (Poole et al., 1991); meanwhile, factors
such as the Oxcost of respiratory muscles (Carra et al., 2003), cardiac work and auxiliary muscles’
contractions account for the remaining part (Jones et al., 2011). Indeed, Carra et al. (2003) provided
direct experimental evidence pointing towards the role of ventilatory work regarding the development
SCamp, Salvadego et al. (2017) reported that respiratory muscle training resulted in a disappearance of
SCamp 1In obese patients during heavy intensity exercise. These factors are consistent with improved
exercise tolerance. When DL-HVY was performed at POST, the same power output provoked a
statistically lower VE and a reduced VOxrw; in other words the respiratory muscle of our subjects
became more efficient during heavy exercise, allowing a reduced Ozcost of breathing. Despite this, the
reduced VOa.rm, per se, did not explain the reduction of SCamp. Indeed, the slopes of the corrected
VOa, vs. time were not significantly different from the ones assessed from the "gross"V Oz vs. time in
SL-ETgrp and DL-ETgre. However, the lower VE and VOarum, together with the reduced VOzp end-
exercise, HR and [La]®pea indicate an enhanced tolerance of intense exercise.

QmO2 and mVO; alterations can profoundly influence the VO» kinetics response (Koga et al., 1999;
Murias et al., 2010), unfortunately in our study we were unable to investigate if the beneficial
adaptations leading to the narrowing of SCamp were induced by an enhanced of QmO> and/or mVO,. To
our knowledge, no studies have investigated the SCamp and its related mechanisms after ET in HTx,

KTx and LTx, making unfortunately impossible a comparison with other studies dealing with Tx.
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CONCLUSIONS

In conclusion, 8 weeks of DL-ET and SL-ET significantly speeded VOa, and HR kinetics and reduced
O:Def at exercise carried out with large muscle mass at moderate intensity; furthermore, the two
training modalities resulted in the attenuation of the SCamp, meaning that SL-ET is as effective as DL-
ET when training aims to improve exercise capacity. More studies are required to evaluate the relative
contribution of QmO> vs. mVO;, to explain the mechanism behind the VO, kinetics improvement, and
the long-term effect of small muscle mass training compared to more traditional endurance protocol in

Tx.

STUDY LIMITATIONS

In the present study, the lack of muscle biopsies to assess the possible increase in capillary and
mitochondrial densities, endothelial function, and the absence of leg blood flow measurment
prevented us from discerning the effect of Qw02 vs mV Oz on VO, kinetics. Another limitation is that
cardiac output kinetics were not assessed. However HR kinetics were suggested as a good proxy for
the O delivery adjustment to the imposed work rate (MacPhee et al., 2005). To identify the power
output associated to the VO»-VT1, the VO, vs time relationship was left shifted by 30 sec, instead of
using an amount of time corresponding to the individual mean response time of the VO,, kinetics. This
approach may have caused the overestimation of the work rate used for the DL-MOD and DL-HVY.
However, our data confirm that our patients were within the moderate and heavy intensity domains.
Finally, the absence of an age-matched control group precluded the determination of potential
differences, with respect to the healthy condition, in the adaptive mechanisms elicited by the two

diverse exercise training modalities.
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Figure captions:
Figure 1. VO, vs. time from the 3™ to 6" min of exercise during DL-HVY. Data show the linear

increase of VO, vs. time before (PRE, empty circles) and after training (POST, black circles) in SL-
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ETcre (diagram A) and in DL-ETgre (diagram B). Data in diagram C show the linear increase of VO,
vs. time for SL-ETgrp (black circles) and for DL-ETgrp (black diamonds) at POST. Data are
expressed as mean + standard deviation. #: angular coefficient of the regression line is significantly
different from zero. *: angular coefficient of the regression line is significantly different between

groups.

Figure 2. VO, vs. time from the 3" to the 6™ min of exercise during DL-HVY. Data in diagram A
show the relationship between the VO, diminished by the estimated Oa cost of breathing (white
squares) and the gross VO, (black circle) as a function of time in SL-ETggp after training. Data in
diagram B show the same relationship as in diagram A, but in DL-ETgrp. Data in diagram C show
relationship between corrected VO as a function of time in SL-ETgrp (black circles) and in DL-ETgrp
(black triangle). Data are expressed as mean # standard deviation. #: angular coefficient of the

regression line is significantly different from zero

102



Figure 1

20001
e 1750-
=
TE' 1500-
S
S 12504
1000 T T T T T T T
180 240 300 360
20001
S 17504
S bommd-mmo®
Z - - # *
= 1500+ ===
S
S 1250
1000 T T T T T T T
180 240 300 360
20001
?é 1750+ 1 1 w
£ #
. | i r— v __-___l--- Sl Gl g
Ei 1500 Y
o
S 1250-
1000 T T T T T T T
180 240 300 360
Time (sec)

103



Figure 2
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Table 1. Main anthropometrics, cardio-respiratory and cardiovascular parameters assessed
during double leg incremental test measured before the training period. Single leg endurance

training group (SL-ETgrp) and double leg endurance training group (DL-ETgrp) groups.

SL-ETGRP (n=

DL-ETGRP (n=

Anthropometrics 17) 16) P
Age (years) 56 (10) 55 (10) 0.82
BM (Kg) 83 (15) 78(18) 0.35
BMI 26.7 (3.3) 26.3 (5.3) 0.76
Years post-transplant 6.2 (6.9) 8.9 (7.7) 0.30
Cardio-respiratory

parameters

VOspeak (ml-min") 1747 (420) 1719 (483) 0.86
VO2peak (ml-kg™'-min™) 21.8(7.7) 22.2 (4.7) 0.85
Vipeak (L-min™") 78.6 (16.9) 77.5 (21.3) 0.88
VO at VT1 (ml-min™) 1311 (216) 1275 (290) 0.55
HRpeax (bpm) 124 (24) 143 (22) 0.03
SpO2 (%) 96 (2) 96 (3) 0.93
Peak power output (W) 133 (32) 132 (33) 0.95
Power output (W) at VT1 76 (15) 76 (20) 0.87

Values are expressed as mean + standard deviation.
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Table 2: Pharmacological therapies

SL-ETGRP (n: DL-ETGRP (n:

Medications 17) 16)
Medications

Immunosuppressant 17 (100%) 16 (100%)
Corticosteroids 7 (41%) 4 (25%)
NSAID 10 (59%) 9 (56%)
ACE-inhibitors 2 (12%) 1 (6%)
agigfsnsm 2 receptor 4 (23%) 1 (6%)
a-blockers 6 (35%) 4 (25%)
B-blockers 11 (65%) 4 (25%)
Diuretics 3 (18%) 2 (13%)
Calcium channel blockers 4 (23%) 3 (19%)
Statins 6 (35%) 3 (19%)
Lipid lowering agents 2 (12%) 0 (0%)
Metformin 1 (6%) 1 (6%)
Insulin 1 (6%) 0 (0%)
Thyroid hormones 1 (6%) 4 (25%)
Proton pump inhibitors 10 (59%) 6 (38%)
Xanthine oxidase inhibitors 3 (18%) 4 (25%)
Hypouricemic agents 7 (41%) 5 (31%)
Kinase inhibitor agents 1 (6%) 2 (13%)
Bisphosphonates 1 (6%) 1 (6%)
Dopamine agonists 1 (6%) 0 (0%)
Bronchodilators 1 (6%) 0 (0%)
Antigout agents 1 (6%) 1 (6%)
Antiarrhythmic agents 1 (6%) 0 (0%)

Non-steroidal anti-inflammatory drugs (NSAID), dingle leg endurance training group (SL-ETgrp), Double leg endurance
training group (DL-ETgrp).
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Table 3: List of diseases leading to the organ transplant

SL-ETgre (HTX, n= 6; KTx, n=6; LTx, n=15)

DL-ETere (HTx, n=7; KTx, n=5; LTx, n=4)

Disease HTx KTx LTx | Disease HTx KTx LTx
Cardiac sarcoidosis é of . - Primitive cardiomyopathy 47‘ of -
f:sail(li?cl)nnililopathy 2 of - Ischemic cardiomyopathy i of -
Myocarditis é of - Infiltrative cardiomyopathy ; of -
Glomerulonephritis - é of Alport syndrome - é of
Berger's disease - é of Polycystic kidney - g of
Chronic kidney failure - é of Glomerulonephritis - é of
Polycystic kidney - 2 of fﬁg{;ﬁ;ﬁ izclerosing - - 41‘ of
Goodpasture syndrome - é of gi-slezgéitrypsin deficiency i i 41; of
Hepatitis C - - g of Hepatitis B - - 41‘ of
Hepatic cirrhosis - - g of Hepatic cirrhosis - - 41‘ of

Single leg endurance group (SL-ETgrp), double leg endurance group (DL-ETgrp), heart transplant recipients (HTx),

kidney transplant recipients (KTx), liver transplant recipients (LTx).
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Table 4. Pulmonary O, uptake (VOa,) and heart rate (HR) kinetics parameters assessed during double leg moderate constant load exercise (DL-MOD) before (PRE)

and after (POST) endurance training period. Single leg endurance training group (SL-ETgrp) and double leg endurance training group (DL-ETgre) groups.

SL-ETcre (n=14) DL-ETcre (n= 13) Esflf;:t *¥% P yalues

70y, kinetics PRE POST Mee(‘gs‘},;)ffgl‘;nce PRE POST Mea(‘gs‘i;)ffgl‘;nce np? G T GxT
0, Def (mL O,) 728 (168) 596 (131)7 132 (31:233) 734 (278) 537 (204)7 197 (101;293) 0.4 0.707 <0.0001 0.276
MRT (sec) 52.1(159) 435(152)"  85(3told) 533 (144) 386(9.5)"  14.6(9;20) 0.63 0.707 <0.0001 0.083
SCamp (mL Oy) 207(57)  131(68)"  75.5(27;124)  207(84)  118(90)' 90 (40; 138) 0.51 0.767 <0.0001 0.645
HR kinetics

Baseline 716 (11.6) 70.3(10.3)  1.3(-42;68) 81.2(10.7) 783(123)  3(2.3;83) 0.07 0.040 0.193 0.615
Amplitude 216694  19.6(6.6) 2 (-1; 5) 264(6) 229(55)"  3.5(0.7;6.4) 0.29 0.082 0.038 0.375
Time delay (sec) 134(10.7)  17.8(19.5) -44(-12.3;35) 11.9(13.7) 123(13.8) -04(82;7.3)  0.04 0.510 0.312 0.403
Time constant (sec) 78.4(79.9)  50.6(59) 27.7(11.8;43.7) 62.9(364) 41.9(287)" 21(57:362)  0.53 0.557 <0.0001 0.750
MRT (scc) 91.7(87)  68.4(653)" 233(82:384) 748(48.1) 542(392)" 20.5(62;349)  0.51 0.513 <0.0001 0.655

. .
95% CI for time 58 - 81 39.-55 ; 52-65 37-48 ; ; ; i

constant

Values are expressed as mean + standard deviation, note that VO, slow component amplitude (SCamp) refers to double leg heavy constant load exercise.

*#%: P value from the two-way ANOVA are listed as group effect (G), time effect (T), groups x time effect (G x T).
+: Post-hoc test identifies significance (P <0.05) in differences between PRE and POST.
A : Post-hoc test identifies significant trend (0.05< P <0.1) between groups at PRE.



Table 5. Main cardio-respiratory parameters assessed during double leg moderate constant load exercise (DL-MOD) before (PRE) and after (POST) endurance
training period. Single leg endurance training group (SL-ETgrp) and double leg endurance training group (DL-ETgrp) groups.

DL-MOD SL-ETgrp (n= 14) DL-ETgrp (n=15) E:;fZe:t **% P values
Steady-state parameters PRE POST Mee(lg S%foérlc;nce PRE POST Mezzg Sc?)}:‘f;%rlince np? G T GxT
VO2p.ss (mL-min’") 1206 (173) 1180 (169) 25 (-11; 61) 1135 (226) 1131 (229) 4 (-30; 40) 0.07 0.424 0.169 0.328
VCOzp.ss (ML min™") 1153 (154) 1090 (141)F 62 (20 to 104) 1060 (197) 1019 (201)F 41 (1to 81) 0.40 0.215 0.0002 0.398
Vs (L-min™) 41.8 (4.4) 39.8 (4.9)* 2(-0.1to4.1) 38.5(8.7) 36.1(6.9) 24(04;44) 0.32 0.154 0.001 0.734
RER 0.96 (0.04)  0.93(0.04)" 0.03(0.01;0.06) 0.94(0.04) 0.90(0.03)" 0.03 (0.01; 0.06) 0.40 0.080 0.0002 0.873
Gross Efficiency (%) 14.7 (1.2) 15(1.4) -0.3(-0.8t0 0.1) 14.4 (2.3) 14.5 (2.1) 0.1(-0.5t00.3) 0.11 0.595 0.100 0.404
O; cost (mL-Watt™!) 14.0 (1.1) 13.9 (1) 0.1 (-0.t0 0.7) 14.4 3.2) 14.4 (2.4) 0 (-0.6 to 0.6) 0.00 0.524 0.727 0.807
HR, (bpm) 97 (17) * 91 (15)F 5(1to9) 111 (12) 102 (12)F 9(5;13) 0.58 0.022 <0.0001 0.094
[La]® (mmol-L) 3.15(1.11)  245(1.157  0.7(0.3t0 1.1) 3.18(0.84) 1.98(0.75)F 1.15(0.8; 1.5) 0.76 0.689 <0.0001 0.057
Power (W) 62 (13) 62 (13) - 58 (14) 58 (14) - - - - -

Values are expressed as mean # standard deviation.

**%: P value from the two-way ANOVA are listed as group effect (G), time effect (T), groups x time effect (G x T).
#: Post-hoc test identifies significant trend (0.05< P <0.1) in differences between PRE and POST.

+: Post-hoc test identifies significance (P <0.05) in differences between PRE and POST.

%: Post-hoc test identifies significance in differences between groups at PRE.



Table 6. Main cardio-respiratory parameters assessed during double leg heavy constant load exercise (DL-HVY) before (PRE) and after (POST) endurance training
period. Single leg endurance training group (SL-ETgre) and double leg endurance training group (DL-ETgrp) groups.

Effect

DL-HVY SL-ETgre (n=17) DL-ETgre (n= 16) vize P values®

parameters PRE  posT  MEEOIApre posT  MEGLIIMEE G T GxT
V Oy (mL-min™) 1712 (293) 1636 (249)" 76 (15;137) 1665 (344) 1563 (351) 103 (40; 166) 0.43 0,579 <0,0001 0,469
VCO,p (mL-min™') 1651 (263) 1554 (238)F  97(37;158) 1645 (334) 1478 (329)1  167(104; 229) 0.62 0,689 <0,0001 0,069
RER 0,97 (0,04)  0.95(0.03)*  0.02(0;0.04) 0,99 (0,06) 0,95 (0,04)" 0.04(0.02;0.07)  0.40 0,540 <0,0001 0,067
O, cost (mL-Watt!)  14,2(1,2) 13,6 (1,4) 0.6 (-0.2; 1.4) 148(2,9) 13517 1.3(0.5;2.1) 0.33 0.635 <0,0005 0.158
Ve (L-min™) 70,3(13,3)  62,8(10,2)"  7.4(2.9;12) 68,0(13,8) 56,5(13,3)" 11.5(6.8;162)  0.60 0,313 <0,0001 0.158
VO02ru 116 (27) 104 (24)* 12 (1.5;22.7) 113 (29) 93 (24)* 20 (9; 31) 0.44 0.394 <0,0001 0.230
HR (bpm) 126 (24) 118 (22)F 8 (3; 13) 141 (18) 128 (19) 13 (8; 18) 0.60 0.098 <0,0001 0.137
[La]® (mmol-L™) 6.2 5.2t 1(0.1;2) 6.6 4.61 2(1.1;2.9) 0.52 0.881 <0,0001 0.088
RPEgyspena 151(1,5  13.6(1.6)' 1.5(0.1;2.9) 16,2(1,6) 14.1(1.8)F  2.1(0.7;3.4) 0.40 0.072 0.0001 0.523
RPEieg pain 6,2 (1,6) 5117t 1.1(0.1;2.2) 63(1,4) 51(19°" 1.2(0.1;2.2) 0.32 0.964 0.001 0.932
Power (W) 95 (24) 95 (24) - 94 (25) 94 (25) - - - - §

Values are expressed as mean + standard deviation.

*#%: P value from the two-way ANOVA are listed as group effect (G), time effect (T), groups x time effect (G x T).
+: Post-hoc test identifies significance (P <0.05) in differences between PRE and POST.

#: Post-hoc test identifies significant trend (0.05< P <0.1) in differences between PRE and POST.



Table S1. Pulmonary O, uptake (VO,,) and heart rate (HR) kinetics parameters assessed during double leg
moderate constant load exercise (DL-MOD) before (PRE) the endurance training period of the heart transplant
(HTx) and non-cardiac transplant recipients (kidney and liver transplanted patients) .

Non-cardiac transplant

Vozf’ kinetics I = L1 recipients (n = 18)

02 Def (mL 02) 804 + 183 680 + 244 0.160
MRT (sec) 55.8+15.5 50.4+14.8 0.353
*SCamp (mL O2) 214 £ 69 202 £73 0.629

. Non-cardiac transplant

HR kinetics HTx (n = 10) s o = 17)

Baseline 80.1+15.1 74.8+9.3 0.267
Amplitude 21.1+£6 254+6.3 0.095
Time delay (sec) 203 +£15.3 7.5+64 0.005
Time constant (sec) 118.3+£79.5 424+18.4 0.001
MRT (sec) 138.6 £ 88.1 49.9 +£20.3 <0.001
95% CI for time constant 87-112 36 -49 -

Values are expressed as mean + standard deviation, note that VO,, slow component amplitude
(SCamp) refers to double leg heavy constant load exercise.
*: HTx (n = 13); non-cardiac transplant recipients (n = 20)

Table S2. Pulmonary O, uptake (VOa,) and heart rate (HR) kinetics parameters assessed during double leg
moderate constant load exercise (DL-MOD) before (PRE) the endurance training period of the patients taking
B-blockade medications and the patients not undergoing B-blockade therapy.

VO, kinetics B-blockade (n=12) Not B-blockade (n=17) P

02 Def (mL 02) 676 =157 711 +£240 0.672
MRT (sec) 48.1+11.8 51.2+14.3 0.556
*SCamp (mL O2) 219+£76 197 £ 66 0.370
HR kinetics B-blockade (n= 10) Not B-blockade (n=17) P

Baseline 69.7+7.8 80.6 +12.3 0.019
Amplitude 21.9+4.9 22.5+7.6 0.193
Time delay (sec) 16.3£16.2 10.3+8.9 0.228
Time constant (sec) 71.2+47.1 69.8 +£68.7 0.955
MRT (sec) 87.5+62.1 80.2 +£74.1 0.795
95% CI for time constant 55-66 55-76 -

Values are expressed as mean + standard deviation, note that VO, slow component amplitude
(SCamp) refers to double leg heavy constant load exercise.
*: B-blockade (n = 15); Not B-blockade (n = 18)
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GENERAL CONCLUSIONS

The findings from the first investigation showed that single and double leg cycling training are
equally effectiveto improve the whole-body VOomax iIn SOT; hoverer, even if no differences were
found between the exercise typologies, the adaptive mechanisms behind the improvement might
differ according to the training modality. Additionally, considering these results together with the
one obtained from the multifactorial model of VOamax limitation, it can be suggested that the
limitation of whole-body VOumax i equally distributed between central and peripheral factors in
HTx, KTx and LTx; thus, contrary to the healthy condition, skeletal muscle might play a remarkable
role in impairing maximal exercise capacity in this clinical population. The findings from the second
investigation showed that single leg cycling training is as valid as double leg cycling to improve 1)
the tolerance to heavy exercise intensities, ii) to decrease the amplitude of VQ,sc and iii) to
accelerate MRT and reducing the O,Def during moderate intensity exercise. Unfortunately, since
HR kinetics were faster after thetraining program and no difference were reported in the magnitude
of the improvement between the two groups, it is not possible to make inferences whether the
ameliorations originated by an enhanced O, availability or an improved O, utilization at muscular
level.

In conclusion, small muscle mass endurance training has been showed to be as valid as large
muscle mass endurance training to improve maximal and submaximal exercise capacities in HTX,
LTx and KTx; therefore, it may represent a useful training modality in this clinical population.
Finally, these findings taken together, further points towards the hypothesis that skeletal muscle,
when negatively affected by deconditioning and/or the side effects of pharmacological therapies,

likely provide a remarkable limitation to the exercise capacity in HTx. LTx and KTx.
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CHAPTER 111
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Aim of chapter 111

1) The first work related to this section of the thesis evaluated the reliability between two non-invasive
methods for the determination of cardiac output during exercise. Furthermore, the repeatability of
the two devices at submaximal and supramaximal cycling exercise intensities was investigated, since
it is pivotal in order to studythe cardiovascular adaptations in response to training, detraining and/or
pharmacological therapies. The two non-invasive techniques at stake are the new cardio-impedance,

by means of Physioflow™, and the inert-gas rebreathing, through Innocor™.

2) The second work related to this section of the thesis aimed to apply the repeated occlusions

method to determine noninvasively, by near-infrared spectroscopy, for the assessment of the skeletal
muscle VO2 recovery kinetics following standard cycle ergometer exercise of different intensities.
Moreover, the pulmonary VO2 and muscle VO2 kinetics of the recovery phase were compared in
order to disclose a possible dissociation between these two parameters (i.e. faster muscle VO2 vs

pulmonary VO2 kinetics).

3) The third investigation regarding this section of the thesis sought to evaluate the level of
agreement, of cardiac output measured non-invasively with Physioflow™, between three different
exhaustive cycling exercises, namely incremental, supramaximal constant load and very heavy
constant load tests. Furthermore, the repeatability of the cardiac output assessment, in the exhaustive

cycling exercises at stake, was investigated.

Main results of chapter I11

1) The Bland-Altman plot revealed that difference (i.e. the bias) between the cardiac output
assessed by Physioflow™ minus the corresponding value obtained by Innocor™), amounted to -

0.65 L and it was significantly different from zero. Moreover, the differences at stake were
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moderately correlated with their corresponding means, indicating a linear relationship between the
amplitude of the error and the absolute values of the measurements so that Innocor™ tended to
overestimate cardiac output in comparison with Physioflow™ for values of cardiac output ranging
between 10.0 and 15.0 L-min"' and to underestimate it for larger values corresponding o higher sub-

maximal exercise intensities. In addition, the grand averages of the slopes of the individual linear

regressions between sub-maximal, steady—state V' O2 and @ were significantly different and
amounted to 5.1 £ 1.0 L-min"! and 3.4 + 0.6 L-min"! for Physioflow™ and Innocor™, respectively.
The slopes reported for the cardio-impedance are very similar to the one reported for the gold-
standard, invasive cardiac output assessment (i.e. 4.5 to 6 L-min"!), on the contrary the ones
calculated for Innocor™ seems to be inferior to the reference values The determination of cardiac
output with Physioflow™was characterized by a good repeatability compared to Innocor™, since it
was reported a coefficient of variability by about 8% regardless the intensity of exercise. Indeed, for
Innocor™ the coefficient of variabilityamounted to 7.7 for submaximal workload and to 27.7% for
supramaximal intensity. Therefore, Physioflow™ might represent a good alternative to the non-
invasive techniques for the determination of cardiac output in healthy population, at least during
exercise at submaximal intensity (For further details the reader is kindly referred to the published

article located after the “REFRENCES” section from page 135)

2) The results indicate the feasibility of the determination of muscle VO2 kinetics of the recovery
phase following cycling exercise test at moderate, heavy and maximal intensities; providing a
valuable functional assessment technique of skeletal muscle oxidative metabolism. Furthermore, the
results suggest an intensity domain dependency of the time constant of muscle VO2 kinetics of the
recovery phase (For further details the reader is kindly referred to the published article located after

the “REFRENCES” section from page 136).

3) The collected data are still under supervision and analysis, thus it would be premature to draw any

suggestion and/ or conclusion about the reliability and the repeatability of Physioflow™ used to
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determine cardiac outputduring incremental, supramaximal constant load and very heavy constant

load tests.
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Abstract

Purpose We measured cardiac output (Q) during sub-maximal and supra-maximal exercise with inert gas rebreathing (Qpy)
and modified cardio-impedance (Qpy) and we evaluated the repeatability of the two methods.

Methods VO2 and Q were measured twice in parallel with the two methods at sub-maximal (50-250 W) and supra-maximal
exercise in 7 young subjects (25 + 1 years; 74.4+5.2 kg; 1.84+0.07 m).

Results O and Qpy increased by 3.4 L-min~! and by 5.1 L-min~! per 1 L-min~! of increase in VO,, respectively. Mean Qpy
(23.3+2.5 L-min~") was 9% lower than Qyy (25.8+2.2 L-min~!) during supra-maximal exercise. Bland—Altman analysis
showed that: (i) bias (Qp—Q;x) Was significantly different from zero (— 0.65+2.61 L-min~") and; (ii) the ratios Qpr + Oy
were linearly related with Q, indicating that Qyy tended to overestimate Q in comparison with Qp. for values ranging from
10.0 to 15.0 L-min~" and to underestimate it for larger values. The coefficient of variation was similar for sub-maximal values
(8.6% vs. 7.7%; 95% CL: x/+1.31), but lower for Qp (7.6%; 95% CL: x/+ 2.05) than for Qp (27.7%; 95% CL: x/+2.54) at
supra-maximal intensity.

Conclusions Qpr seems to represent a valuable alternative to invasive methods for assessing Q during sub-maximal exercise.
The Qpy. underestimation with respect to Qpy during supra-maximal exercise suggests that Opr might be less optimal for
supra-maximal intensities.

Keywords Cycling exercise - Oxygen uptake - Cardiac output - Repeatability - Reliability
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WL Workload
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Introduction

0,0, is the product of Q times C,0, and it is mainly set by
Q, as C,0, is usually hardly affected by exercise intensity in
normoxia. 0,05, is the main limiting factor of VO, if
one exercises using large muscle mass at sea level (di Pramp-
ero and Ferretti 1990; Mortensen et al. 2005). Therefore, the
assessment of Q is of paramount importance if one wants
to quantify the determinants of individual maximal aerobic
exercise capacity.

In addition, the evaluation of the Q during exercise is
essential to quantify the improvements in maximal aerobic
power observed after physical training, which usually elicits
a remarkable increase of 9,0,,... By the same token, the
evaluation of Q allows us also to gain insightful information
on the adaptations brought about by sedentary lifestyle, dis-
use or aging (Montero et al. 2015; Warburton et al. 1999a).

To assess Q in humans, a variety of invasive and non-
invasive methods have been proposed and evaluated (War-
burton et al. 1999a, b). The formers are usually considered
as the most accurate when compared with the latter ones
(Warburton et al. 1999a, b).

Despite their high validity and reliability, invasive meth-
ods in exercise physiology are not broadly diffused espe-
cially because of their practical—technical limitations, costs
and the high training level required by the operators (Reuter
et al. 2010; Warburton et al. 1999a). These drawbacks have
led to the proposal of several non-invasive approaches for
assessing O during exercise: the modified cardio-impedance,
the inert gas rebreathing methods and the pulse contour anal-
ysis, just to cite a few of them (Tam et al. 2004; Warburton
et al. 1999a, b).

However, issues concerning their accuracy, reliabil-
ity and validity have emerged, especially during maximal
exercise. Indeed, as shown by Siebenmann et al. (2015), the
determination of Q during exercise through most popular

@ Springer

non-invasive methods (e.g. modified impedance cardiogra-
phy, inert gas rebreathing and pulse contour analysis) usu-
ally generate significantly different values as compared with
the ones obtained using the direct Fick’s method. Thus, the
values of Q measured during exercise depend on the applied
non-invasive method (Siebenmann et al. 2015). Nonetheless,
considering the problems inherent in the invasive determina-
tion of Q with invasive procedures during exercise, it would
be important to evaluate the reliability and repeatability of
different non-invasive methods. With regards to this, the
determination of Q during exercise using inert gas rebreath-
ing with Innocor™ (Innovision, DK) has been compared
to the direct Fick method in healthy subjects (Siebenmann
et al. 2015). However, repeatability was not investigated and
needs further elucidation.

Furthermore, the assessment of Q by the modified cardio-
impedance has been validated against gold-standard methods
in both patients and healthy volunteers during light to severe
exercise and at maximal intensity (Charloux et al. 2000; Sie-
benmann et al. 2015). On the other hand, the determination
of Q during maximal efforts by using this technology seems
to be spoiled by artefacts induced by the excessive move-
ments of the subject (Charloux et al. 2000; Richard et al.
2001).

Hence, we performed the current investigation to compare
first inert gas rebreathing by means of Innocor™ (Innovi-
sion, DK) and the modified cardio-impedance through Phys-
ioflow™ (Manatec Biomed., F) for measuring steady-state Q
during cycling exercise at sub-maximal intensity in young,
fit subjects.

Furthermore, since Q could be underestimated and/or
overestimated by non-invasive approaches during intense
exercise (Siebenmann et al. 2015), we also measured Q dur-
ing cycling exercise of severe and maximal intensity.

Finally, the repeatability of the two methods in the two
exercise conditions was evaluated, as “good” repeatability
is crucial to evaluate the cardiovascular adaptations induced
by interventions and cardiovascular therapies.

Materials and methods
Subjects

Seven young, active and healthy, non-smoker male were
investigated after screening for cardiopulmonary diseases,
(age: 25+ 1 years; BW: 74.4+5.2 kg; H: 1.84+0.07 m; V
Opeai: 4643 +369 mL-min~").

The experimental design, methods and procedures of
the investigation followed the Declaration of Helsinki and
approved by the Ethics Committee of The Norwegian School
of Sport Sciences (04-020517) and The Norwegian Centre
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for Research Data (54117). The subjects gave their written
informed consent before participation.

Experimental design

The subjects were investigated in three occasions and they
did not perform heavy physical exercise the day before the
tests. During the first visit to the laboratory, BW (Seca 877,
Seca, Hamburg, Germany), H (Seca 217, Seca, Hamburg,
Germany) and VOZpeak of the subjects were measured.

On the second day, after a familiarization session with the
rebreathing maneuver, Q at steady state was measured during
four-five submaximal cycling tests between 50 and 250 W
(50 W increments). Thereafter, after 5 min of active recov-
ery, and 5 min of rest sitting on the ergometer, Q. was
measured during supra-maximal exercise. During the third
session, performed after a few days, the very same protocol
was repeated. All the experiments were performed keeping
the environmental conditions strictly controlled (average
temperature =21 °C; average relative humidity =55-65%
and a cooling fan was placed behind the subjects).

Experimental protocol
VO,,c.k determination

In their first visit the subjects performed four sub-maximal
exercise tests at the WL of 50, 100, 150 and 200 W pedal-
ing for 6 min at 80—85 revolution-per-minute (rpm) so that
the individual linear relationships between WL and: (i) V
0O,; (ii) HR, both averaged in the last 2 min of each step,
were obtained.

Then, the linear relationship between WL and HR was
extrapolated to the individual HR,, (Tanaka et al. 2001) to
obtain WL . Afterwards, we subtracted from WL the
WL of the warm-up preceding the ramp test to obtain AWL,
which, once divided by 10, yielded the increment in watt per
minute (W min~") of the maximal, ramp test.

The incremental test started with 3 min of warm up at
100 W followed by a stepwise increase in WL every minute
until exhaustion and it was terminated when the subject was
not able to keep the selected pedaling rate of 80 rpm. The
rates of increase of the WL was able to induce exhaustion
in all the subjects in 10-12 min. HR, VO,, VCO, and V
were measured continuously and averaged on a 30-s base.
Peak oxygen uptake (VOzpeak) was defined as the highest V
O, measured in a 30-s epoch.

Cardiac output during sub-maximal exercise
The subject started pedaling at 50 W maintaining a fixed

pedaling frequency of 80-85 rpm. The sub-maximal steps
were carried out at the workloads indicated above and, if

feasible, also at 250 W. After 5 min of exercise at each step,
Q at steady state was measured using inert gas rebreathing
(Qn)- Afterwards, the WL was increased and the procedure
repeated.

Q and HR with Physioflow™ were recorded throughout
experiment; VO,, VCO, and Vi, were assessed from the third
to the fifth minute at each WL until the beginning of the
rebreathing maneuver. Once the subject had completed the
last sub-maximal step, he cooled down pedaling for 5 min
at 50 W and then remained seated for 5 min on the saddle.

Cardiac output during supra-maximal exercise

Knowing the relationship between WL and VO, and the V
Ospeak> the WL corresponding to 105% of individual maxi-
mal aerobic mechanical power was calculated for the supra-
maximal test. The subject started to pedal for 3 min at 50 W,
thereafter the WL was quickly increased to the calculated
supra-maximal WL and the subject kept pedaling until
exhaustion.

Also during this test, VO,, VCO, and V; were meas-
ured. Approximately one minute before exhaustion, the
mouthpiece of the metabolic cart was removed and Q;y was
assessed during the last 30 s of exercise before exhaustion.
As during sub-maximal exercise, Qpr With Physioflow™ was
continuously recorded.

Methods

VO,, VCO, and Vy; were measured every 30 s using mixing
chamber, open-circuit indirect calorimetry (Oxycon Pro; Jae-
ger Instrument, Hoechberg, Germany) during all the experi-
ments. Before each test, the gas analyzers and ventilatory
flow transducer were calibrated according to the instruction
manual. Qyy, at steady state during sub-maximal and at maxi-
mal exercise was assessed via the inert gases rebreathing
using Innocor™ (Innovision, DK) (Clemensen et al. 1994),
which was calibrated according to the instruction manual.
During the rebreathing (56 breaths, 10 to 15 s), the subject
rebreathes a gas mixture from a rubber bag filled with 5.0%
of N,0, blood soluble gas, 1% SFg, blood non-soluble gas
used to calculate the variations of the volume of the closed
system, 94% of O, and ambient air so that at the beginning
of the rebreathing an O, enriched mixture containing abut
0.5% N,O and 0.1% sulfur hexafluoride SFy in the filled bag
exists. The volume of the ambient air diluting the concen-
trated mixture, and hence the volume of the bag, are calcu-
lated based on tidal volume and VO, preceding rebreath-
ing. Pulmonary N,O transfer is estimated from the rate of
disappearance of N,O over three expirations after a stable
SF¢ concentration is attained. The rate of disappearance of
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N,O gas from alveoli is proportional to the blood flow of the
ventilated parts of the lungs.

Beat-by-beat Qpr and HR were measured using a modi-
fied cardio-impedance method using Physioflow™ (Manatec
Biomed., F) (Charloux et al. 2000). Electrode placement and
skin preparation were carried out according to the instruc-
tions of the operating manual. Moreover, the subjects wore a
tight mesh t-shirt to avoid the displacement of the electrodes.
After instrumentation, the subject sat quietly on the bike and
after 3-5 min blood pressure was measured three times (Spot
Vital Signs® LXi, Welch Allyn, USA). The mean values of
systolic and diastolic pressures were fed to the software to
calibrate the Physioflow™,

To reposition the electrodes in the very same positions
in the following experimental session, skin landmarks were
traced on a transparent plastic sheet.

Statistics and data analysis

Data are reported as mean + standard deviation. The aver-
ages of the beat-by-beat Qpr measured during the fifth and
sixth minutes of sub-maximal exercise were computed and
compared with the ones assessed in parallel with rebreath-
ing. During supra-maximal exercise, Qpy recorded during
the rebreathing was averaged. (C,0, — CvO,) was calcu-
lated as the ratio between VO, and Q; values of (C,0,-C7O,)
larger than 200 mL-L~! were considered not plausible and
this criterion was utilized to identify impossible Q values
(Siebenmann et al. 2015).

Linear regressions were computed by means of
least—square methods and the significance between of the
differences between slopes and intercepts were evaluated
(Zar 1999). Paired data were analyzed using a Student’s
t test; effect size (ES) for paired data was also calculated
(Cohen 1988).

The agreement between the two sets of 0 data (cardio-
impedance and inert gas rebreathing) was evaluated by using
Bland-Altman analysis (Bland and Altman 2003) plotting
the differences (Qp—Qyy) and the ratios (Qpg + Opy) against
their corresponding averages.

The repeatability was evaluated by computing the typical
error (TE) and the coefficient of variation (CV) as meas-
ures of the absolute and relative error, respectively (Hop-
kins 2000). TE and CV can be considered as the variation
one can expect from one trial to another if subjects perform
multiple trials.

Repeatability coefficient (RC), namely the difference that
will be exceeded by only 5% of pairs of measurements per-
formed on the same subject, was also calculated (Bland and
Altman 2003).

Correlation analyses were conducted with Pearson’s prod-
uct-moment correlation and correlation coefficients () were
classified as small (0.1 <r<0.3), moderate (0.3 <r<0.5),
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high (0.5 <r<0.7), very high (0.7 <r<0.9), and almost per-
fect (r>0.9) (Hopkins et al. 2009).

Data were analyzed by using MedCalc Ver 17.6 (Med-
Calc Software bvba, Ostend, Belgium) and a Microsoft
Office Excel spreadsheet prepared for the purpose (MO,
Microsoft, Seattle, USA).

Results

One subject was not able to perform the supra-maximal
workload in one of the two experimental sessions. In another
subject, two replicated measurements of Q during the supra-
maximal protocol using inert gas rebreathing were lost due
to technical errors.

VO, during sub-maximal exercise increased linearly as
a function of WL from 1.21 L-min~" + 0.04 at 50 W, 1.78
L-min~" + 0.05 at 100 W, 2.39 L-min~" + 0.05 at 150 W,
3.05 L-min~! + 0.08 at 200 W and 3.62 L-min~! + 0.06 at
250 W.

Likewise, O increased linearly as a function of exer-
cise intensity: Qpp from 10.4 + 1.7 L-min™" at 50 W to
22.9+2.5 L-min~! at 250 W and Qy from 12.6 + 1.0
L-min~" at 50 W to 20.8 + 1.4 L-min™" at 250 W.

The individual linear regressions between sub-maximal,
steady—state Q and VO, are reported for all the subjects
in Fig. 1. Both Qpp and Qyy increased linearly as a func-
tion of VO,. However, the average slopes of the regres-
sions obtained using the two methods were significantly
different. In the first experimental run, QPF increased, on
the average, by 4.7 +0.7 L-min~! per L-min~! of increase
in VO,, whereas Qy increased by 3.3+0.6 L-min~! per
L-min~! (n=7; P<0.01; large ES). In the second run,
the slope for Qpy turned out to be 5.7+ 1.17 L-min~" per
L-min~"! of increase in VO,, whereas it was 3.4 +0.6 L-min~!
per L-min~! for O (n=7; P<0.01; large ES). The grand
averages were 5.1+ 1.0 L-min~! and 3.4 +0.6 L-min~' per
L-min~! for Qp and O respectively (n=14; P<0.001;
ES=1.33).

Average WL during the supra-maximal tests was
343 +34 W, which corresponded to about~ 106% of mean
maximal aerobic mechanical power (324 +32 W). The mean
time to exhaustion (TTE) was 220 +41 s for the supra-maxi-
mal test. VO, attained the value of 4.32 +0.30 L-min~" dur-
ing supra-maximal exercise. These VO, values were about
7% smaller (P=0.013, large ES) than the VOZpeak assessed
during the preliminary maximal test (4.64 +0.37 L-min™"),
due to the switch of mouthpieces ~ 1 min before exhaustion
(from indirect calorimetry to inert-gas rebreathing).

During supra-maximal test, inert gas rebreathing gen-
erated only one implausible value of Qpy; modified car-
dio impedance generated three implausible values of Qpy.
When only the plausible values were considered, Qpp during
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Fig.2 Steady-state values of the artero-mixed venous O, difference
calculated form the corresponding values of Q and VO,,. White dots
refer Opy, and black dots refer to Qpy.

supra-maximal test was equal to 23.3 +2.5 L-min~" and Qy
to 25.8+2.2 L-min~!, i.e. about 9% larger, on the average,
than the one assessed with cardio impedance.

During sub-maximal exercise, (C,0,—CvO,) calculated as
the ratio between VO, and Qpr increased on the average from
124 +22 mL-L™" at 50 W to 159+ 19 mL-L™" at 250 W; the
one obtained from Qyy increased from 96.8 +6.8 mL-L™!
to 174.7+9.3 mL-L™1 within the same WL range (Fig. 2).
During supra-maximal test, when only the plausible values
of O were considered, (C,0,-C¥0,) calculated from Qp was

VO, (L - min'l)

182.3+10.3 mL-L~! and the one corresponding to Oy was
169.3+17.3 mL-L™".

The results of the Bland—Altman plot are shown in Fig. 3
where the average of the differences (Qp—Qjy) obtained at
all the exercise intensities are plotted against their corre-
sponding means (top diagram). Average Qp—Qpy amounted
to — 0.65 L-min~"' (bias) and was significantly different from
zero (P=0.044,); SD (precision) was 2.61 L-min~! and the
95% limits of agreement ranged from — 5.8 to 4.5 L-min~".
Since the distribution of the difference was markedly hetero-
scedastic—the absolute values of Qp—Qyy increased with the
average of the two measurements—we also plotted the ratios
(Qpg = O1n) Vs. the corresponding means. Mean Qpy. + O
amounted to 0.95 and it was significantly different from 1
(P=0.0157). SD was 0.16 and the 95% limits of agreement
of the discrepancy of the ratio form 1 were 0.68/1.36).

(Qpr—O1n) Were moderately and linearly related with
their corresponding means (n=68; y = — 3.95+0.19-X;
P=0.057; »=0.11, F=8.16). Similarly, also (Qpg + Oy)
were moderately and linearly related to the means (n=068;
y=0.68+0.017-x; P<0.0001; *=0.21, F=20.06). This
indicates a linear relationship between the amplitude of the
error and the absolute values of the measurements so that
O\ tended to overestimate Q in comparison with Qpy. for
values of Q ranging between 10.0 and 15.0 L-min~! and to
underestimate it for larger values corresponding o higher
sub-maximal exercise intensities.

For QPF, TE was 1.17 L-min~! (95% confidence limits,
CL: x/+ 1.29; n=31) and 1.64 L-min~"! (95% CL: x/=1.98;
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Fig.3 Top: Bland-Altman diagram of the differences Qpr—Qry, plot-
ted as a function of their averages. Bottom: Bland—Altman diagram
of the ratios Qpr + Oy, plotted as a function of their averages. Dot-
ted lines in the two diagrams refer to biases and to errors, i.e. 95%
CI of the bias. Continuous thin lines describe the linear relationships
between the variables at stake. Please see text for more details

n=6) at sub-maximal and supra-maximal workloads,
respectively. This corresponded to CVs of 8.6% (95% CL:
x/+1.31) and 7.6% (95% CL: x/+2.05), respectively. For
QIN, TE was 1.10 L-min~" (95% CL: x/+1.29; n=31) and
5.90 L-min~' (95% CL: x/+2.19; n=5) at sub-maximal
and supra-maximal workloads, respectively. This corre-
sponded to CVs of 7.7% (95% CL: x/+ 1.31) and 27.7%
(95% CL: x/+2.54), respectively. Finally, RC amounted
to 3.79 L-min~! and to 4.81 L-min™" for Qpr and Qyy,
respectively.

Discussion

Q measured with cardio impedance and inert gas rebreathing
increased during sub-maximal exercise by 5.1 L-min~! and
3.4 L-min~! per L-min~" of increase in VO,, respectively.
Second, Bland—Altman analysis showed that: (i) bias
between Qpy. and Oy amounted to — 0.65 L-min~' and was
significantly different from zero; (i) (Qpr—Qyy) and (Qpp +
Qn) were correlated with the absolute values of Q, imply-
ing that Qyy overestimated Q in comparison with Qpr when
O was lower than about 15.0 L-min~!, whereas it underesti-

mated Q for values above 15.0 L-min~".
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Finally, Qpr. Was characterized by a good repeatability in
comparison with Qyy, since it showed a coefficient of vari-
ation close to 8% regardless the intensity of the exercise.

The Q determination by the Physioflow™ has been vali-
dated against the Fick method during exercise in patients
and in healthy subjects (Charloux et al. 2000; Richard
et al. 2001). Q is expected to increase by ~ 5-6 L-min~!
per L-min~" increase in VO, when it is measured with inva-
sive, gold-standard methods. Therefore, the average slope
of the linear Qpg vs. VO, relationship (5.1 + 1.0 L-min~")
is within the range of values mentioned above and it is
also practically identical to the one measured with direct
Fick method during sub-maximal cycling (4.9 +0.3
L-min~!) (Siebenmann et al. 2015). However, the slope
of the Qpr vs. VO, regression line appeared to be lower
when compared to other studies: Siebenmann et al. (2015)
have reported an increase of Qp, determined by Physi-
oflow of 6.0 +0.4 L-min~! per L-min™!; Q. increased by
7.2 L-min~! per L-min~! increase in VO, in patients with
chronic obstructive pulmonary disease and sleep apnea
syndrome likely because of the lower (C,0,-C70,) pre-
vailing in these patients (Charloux et al. 2000).

Q has been simultaneously assessed with Innocor™
and the direct Fick method in healthy subjects during
sub-maximal and maximal cycling exercise (Siebenmann
et al. 2015). In that occasion, the average increase of Q per
L-min~! increase in V02 turned out to be 3.9+ 0.2 L-min~",
lower than expected and in agreement with the findings of
the present investigation. Moreover, also in studies where
Innocor™ was used in patients (Agostoni et al. 2005),
this method underestimated Q when compared to invasive
method, as Q increased by 3.5 L-min~! per L-min~! of
increase in VOZ. In conclusion, a bulk of evidence seems
to suggest that Innocor™ may underestimate Q during
cycling exercise in healthy, young subjects by about 20%.

Bland—Altman plots confirmed the poor level of agree-
ment between Qpr and Oy during sub-maximal exercise.
First, bias was significantly different from 0; second, QPF
+ O were moderately and linearly related with the abso-
lute values of Q indicating that Qpy in respect to Qp Over-
estimated Q below values of approximately 15 L-min~!,
corresponding to a VO, of 2.4-2.5 L-min~! (about 55% of
VO,,.. in our subjects), and underestimated Q at higher
exercise intensities.

During supra-maximal exercise, (C,0,—CvO,)pp turned
out to be, on the average, remarkably high: 182.3 +10.8
mL-L~". In addition, three (C,0,—C70,)p values out of
seven indicated not plausible Q. These findings suggest
that modified cardio impedance may underestimate Q in
this condition. Indeed, strenuous cycling exercise against
a constant supra-maximal WL (~ 106% of maximal aerobic
mechanical power) may have negatively affected cardio
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impedance recoding because of excessive movements, res-
piratory artefacts due the broad excursion of the thoracic
cage due to hyperventilation and to accumulation of fluid
in the lungs, thereby causing the underestimation of Qpy.
at maximal exercise (Charloux et al. 2000; Kemps et al.
2008; Warburton et al. 1999b).

Recent data (Siebenmann et al. 2015) tended to show that
also inert gas rebreathing underestimated Q during maximal
cycling exercise in young, active men: Innocor™ generated a
higher number of not plausible Q values than Physioflow™
and maximal (C,0,-Cv0,)y was about 180 mL-L™" (Fig. 1a
in Siebenmann et al. 2015). The results reported in the pre-
sent investigation partially agree with the ones summarised
above: maximal (C,0,-CvO,)y calculated using VOzpeak
was indeed about 4% larger than the value measured using
direct Fick method (170 +20 mL-L™") at the end of maximal
cycling exercise in active, young men (Siebenmann et al.
2015), but only one Q during supra-maximal exercise turned
out to be frankly unrealistic.

As reported by Jarvis et al. (2007), Innocor™ may under-
estimate Q because of N,O recirculation that occurs already
after 8.5 s at a VO, of 2.5 L-min~! and in less than 8 s at a
\'/02 of 3 L-min™" (Rigatto et al. 1968). Therefore, recircula-
tion of N,O may prevent further uptake of the soluble gas,
contributing to the observed underestimation of Q. Moreo-
ver, as N,O only dissolves into the liquid phase of the whole
blood, the progressive hemoconcentration occurring from
rest to maximal exercise and resulting in a 5-10% increase
in Hb concentration and in a reduction of plasma volume,
may limit the uptake of N,O.

So, it seems that during the supra-maximal tests both the
two non-invasive techniques may underestimate Qy,ax and
that Qpr may be characterized by a larger underestimation of
Q, whereby few implausible values of (C,0,~Cv0,)pr Were
observed at supra-maximal intensity. It is worth noting that,
by performing ramp exercise to exhaustion, and not constant
work rate of supra-maximal intensity, some of the causes of
artifacts that undermine the measurements obtained with Qpr.
may be avoided, especially if the subjects keep their thorax
as still as possible approaching exhaustion. This is also par-
tially confirmed by the findings of other investigators (Sie-
benmann et al. 2015) who found higher values of Q, ., with
Physioflow™ by using an incremental test to exhaustion.

The modified cardio-impedance benefits from “good”
repeatability. Therefore, when multiple Q assessments are
required on the same subject, Qpr Would vary within an
“acceptable” range due to random errors. Regarding Inno-
cor™, its TE, CVs and RC suggest that this method may be
not suitable when Q has to be measured repeatedly during
maximal exercise. However, these results should be inter-
preted with a pinch of salt because of the limited number of
subjects evaluated during supra-maximal exercise with inert
gas rebreathing, and of the short duration of the exercise

bout. Indeed, it has been shown that Innocor™ was charac-
terized by a CV of 7.0%, 95% CL: 5.5 to 9.5 (Fontana et al.
2009) during repetitions of maximal exercise in a group of
30 young men and women.

A clear limitation of the study was the low number of
tested subjects (7 healthy males) and the absence of a gold-
standard method as a reliable comparison. Furthermore,
during the supra-maximal test the participants might have
interrupted the exercise before attaining maximal Q. Fur-
thermore, as already outlined, the change of mouthpiece
necessary for carrying out the measurement of Q by Inno-
cor™ prevented us to measure VO, using mixing chamber
during the last minute of the supra-maximal effort.

Conclusions

The modified cardio-impedance might be a non-invasive
alternative to the invasive approaches for the determination
of Q in healthy population, at least during exercise at sub-
maximal intensity. In addition, it is attractive because its
implementation does not need trained personnel. However,
the application of Physioflow™ during supra-maximal effort
seems to be less indicated.

Moreover, the “good” repeatability showed by the Physi-
oflow™ makes this technique suitable when the changes
brought about by interventions such as training/de-training
and the efficacy of specific therapies on the cardiovascular
responses have to be evaluated and quantified.
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tino R, Grassi B. Skeletal muscle Vo, kinetics by the NIRS repeated
occlusions method during the recovery from cycle ergometer exercise.
J Appl Physiol 128: 534-544, 2020. First published January 23, 2020;
doi:10.1152/japplphysiol.00580.2019.—Near-infrared spectroscopy
(NIRS) has been utilized as a noninvasive method to evaluate skeletal
muscle mitochondrial function in humans, by calculating muscle Vo,
(Voum) recovery (off-) kinetics following short light-intensity plantar
flexion exercise. The aim of the present study was to determine Vo.m
oft- kinetics following standard cycle ergometer exercise of different
intensities. Fifteen young physically active healthy men performed an
incremental exercise (INCR) up to exhaustion and two repetitions of
constant work-rate (CWR) exercises at 80% of gas exchange thresh-
old (GET; MODERATE) and at 40% of the difference between GET
and peak pulmonary Vo, (Voop; HEAVY). Voop and vastus lateralis
muscle fractional O, extraction by NIRS (A[deoxy(Hb+Mb)]) were
recorded continuously. Transient arterial occlusions were carried out
at rest and during the recovery for Voym calculation. All subjects
tolerated the repeated occlusions protocol without problems. The
quality of the monoexponential fitting for Vom off-kinetics analysis
was excellent (0.93=r2<0.99). According to interclass correlation
coefficient, the test-retest reliability was moderate to good. Voom
values at the onset of recovery were ~27, ~38, and ~35 times higher
(in MODERATE, HEAVY, and INCR, respectively) than at rest. The
time constants (1) of Voom off-kinetics were lower (P < 0.001)
following MODERATE (29.1 * 6.8 s) vs. HEAVY (40.8 = 10.9) or
INCR (42.9 = 10.9), suggesting an exercise intensity dependency of
VOzm off-kinetics. Only following MODERATE the Vozm off-Kkinet-
ics were faster than the Vozp off-kinetics. Voom off-kinetics, deter-
mined noninvasively by the NIRS repeated occlusions technique, can
be utilized as a functional evaluation tool of skeletal muscle oxidative
metabolism also following conventional cycle ergometer exercise.

NEW & NOTEWORTHY This is the first study in which muscle
Vo, recovery kinetics, determined noninvasively by near-infrared
spectroscopy (NIRS) by utilizing the repeated occlusions method, was
applied following standard cycle ergometer exercise of different
intensities. The results demonstrate that muscle Vo, recovery kinetics,
determined noninvasively by the NIRS repeated occlusions technique,
can be utilized as a functional evaluation tool of skeletal muscle
oxidative metabolism also following conventional cycle ergometer
exercise, overcoming significant limitations associated with the tradi-
tionally proposed protocol.
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work.
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INTRODUCTION

The functional evaluation of skeletal muscle oxidative me-
tabolism is crucially important in the assessment of exercise
tolerance in normal subjects, athletes, and patients affected by
many chronic diseases such as heart failure and chronic ob-
structive pulmonary disease (16, 30, 32). Since the pioneering
studies by Meyer (see, e.g., Ref. 28), the rate of phosphocre-
atine (PCr) recovery following exercise, as determined by 3!'P
nuclear magnetic resonance spectroscopy (*'P-MRS), has been
traditionally considered a valuable functional evaluation tool of
skeletal muscle oxidative performance (23). The main limita-
tions of this approach are represented by the cost of the
equipment and by the limited exercise paradigms which can be
performed in the NMR magnet.

Since PCr resynthesis is accomplished solely by oxidative
phosphorylation (23); however, the kinetics of PCr recovery
(off-kinetics) should be closely related to the off-kinetics of
muscle O, uptake (Voom) decrease during the same recovery
period. The importance of the Voym off-kinetics following
exercise as a functional evaluation tool is underlined by the fact
that in single muscle fibers the velocity constant of this variable
is directly related to maximal O, uptake (VO2max) (43). Direct
measurements of Voo,m off-kinetics, however, have been tra-
ditionally difficult to perform in humans, and implied invasive
measurements (see e.g., Ref. 24). A proxy of Voom kinetics
could be pulmonary Vo, (Voyp) kinetics. Although the two
variables appear reasonably similar during the on (rest-to-
exercise)-transition (14), however, different results have been
seen during the off (exercise-to-recovery)-transition (24).

A reliable and noninvasive method to determine Voom
off-kinetics in exercising humans would therefore be highly
desirable. An answer to this need could derive from a method
recently proposed by two groups (3, 34), based on a concept
originally developed by Hamaoka et al. (17) and by Van
Beekvelt et al. (40): in ischemic conditions, the linear rate of
increase in deoxy-(hemoglobin+myoglobin), or the linear rate
of decrease of oxy-(hemoglobin+myoglobin), as determined
by near-infrared spectroscopy (NIRS) (6, 15), represents an
index of Voym. By performing a series of repeated short
ischemia (blood flow occlusions induced by rapid inflation and
subsequent deflation of a pneumatic cuff with suprasystolic
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pressure) during the recovery from exercise, Voum measure-
ments have been obtained with a temporal resolution allowing
performance of a reliable Vo,m off-kinetics analysis (3, 34).
The method has been validated against other approaches of
functional evaluation of skeletal muscle oxidative metabolism,
such as [PCr] (squared brackets denote concentrations) recov-
ery kinetics (35) and high-resolution respirometry of perme-
abilized skeletal muscle fibers (33).

In a recent review, Adami and Rossiter (3) have summarized
the key methodological issues of the repeated ischemia ap-
proach to determine Vo,m off-kinetics. Some limitations, in
our opinion, should be acknowledged in the proposed proto-
cols. According to Adami and Rossiter, for the method to
effectively evaluate skeletal muscle oxidative metabolism, mi-
tochondrial enzymes should be “maximally activated.” In our
opinion it is not clear if this actually happens with the proposed
protocol (3, 34). A short (~15 s) cyclical plantar flexion/
relaxation exercise against a “manually applied resistance” (1)
is usually performed. Fifteen seconds of contractions are not
enough to reach a Voom steady state. No measurement of
external work rate can be performed. No inferences on exercise
intensity can be made. The extent of the Voom increase during
exercise, with respect to the resting baseline, is not known.
Since the involved muscle mass is relatively small, and the
exercise is very short, no systemic measurements of exercise
intensity [to identify exercise intensity domains, which char-
acterize the physiological responses to exercise (16, 30, 32)]
can be made. Moreover, no comparisons with Voop kinetics
(on- and off-transients) are possible. No inferences on O,
availability (another prerequisite for the measurement, see Ref.
3), or on its consequences, can be directly made, although
some cautionary rules have been proposed by the authors (3).

The aim of the present study was to provide some answers
to the issues raised above. More specifically, we applied the
repeated ischemia approach to determine Vo,m off-kinetics
during the recovery from standard cycle ergometer exercise,
carried out for several minutes at moderate intensity, below the
gas exchange threshold (GET), at heavy intensity above GET,
and during the recovery from an incremental exercise. Voop
off-kinetics were concurrently determined, as well as muscle
deoxygenation off-kinetics by NIRS (see Ref. 15) in the
opposite leg compared with the one in which the repeated
ischemia protocol was performed. We hypothesized an exer-
cise intensity dependency of Voom off-kinetics (slower kinetics
as a function of exercise intensity), paralleled by an exercise
intensity dependency of Voop off-kinetics. Faster Voom vs.
Vo,p off-kinetics were expected at all exercise intensities.

The obtained results, besides clarifying some of the issues/
doubts discussed above, would allow insights into basic phys-
iological mechanisms during metabolic transitions, and would
allow putting the repeated ischemia approach to determine
Voom kinetics in the “real life” context of cycle ergometer
exercise in different intensity domains.

MATERIALS AND METHODS

Subjects. Fifteen healthy, habitually active men (age 25 = 4 yr;
height 180 =6 cm; body mass 77 =8 kg; body mass index
23.8 = 2.1 kg/m?) were tested. All participants were moderately
trained and attained the American College of Sports Medicine
(ACSM) exercise recommendations for adults (at least 150 min/wk).
Subjects were instructed to arrive at the laboratory in a rested and
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fully hydrated state and to avoid strenuous exercise in the 24 h
preceding each testing session. Subjects abstained from drinking
alcohol (24 h) and caffeine (5 h) before the exercise test and had their
last meal at least 3 h before each testing session. The procedures used
in this study were approved by the local Institutional Review Board
and were conducted in accordance with the Declaration of Helsinki.
The subjects were fully informed of any potential risk associated with
the experiments before verbal and written consents were obtained.

Exercise protocols. Exercise tests were carried out in a well-
ventilated laboratory at 19-21°C, under continuous medical supervi-
sion and 12-lead electrocardiography (Quark C12x, Cosmed). The
participants were required to report to the laboratory on three separate
occasions over a 2-wk period. On their first visit, anthropometric
measurements were performed and subjects completed a ramp incre-
mental exercise (INCR; 30 W/min) up to voluntary exhaustion on an
electronically braked cycle ergometer (Ergomedic 839 E, Monark) to
determine VOopeak and GET. Pedaling frequency was digitally dis-
played to the subjects, who were asked to keep a constant cadence
throughout the tests at their preferred value (between 70 and 90 rpm).
Voluntary exhaustion was defined as the incapacity to maintain the
imposed load and pedaling frequency despite vigorous encouragement
by the researchers. Peak values of the main variables were taken as the
highest 15-s mean values attained before the subject’s voluntary
exhaustion. Vo,p at GET was determined by two independent inves-
tigators by standard methods (7). To identify the work rate corre-
sponding to Voop at GET, the effect of the delayed Vo,p adjustment
to the increased work rate during the incremental test was corrected by
shifting the linear Voop vs. time (and work rate) relationship to the
left, by an amount corresponding to the individual mean response time
of the Voop kinetics (21.8 = 8.9 s) (41).

After the first visit, the subjects performed on 2 different days two
repetitions of 6-min constant work rate (CWR) submaximal exercise
corresponding to 80% of GET (MODERATE) and 40% of the
difference between GET and Vo.p peak (HEAVY). MODERATE
was always carried out before HEAVY. HEAVY exercise was per-
formed when subjects reached again baseline values of the main
investigated variables (~30 min of recovery).

Measurements. Pulmonary ventilation (VE), Vs, and CO» output
(Vcos) were determined breath- -by-breath by a metabolic cart (Quark
PFTergo, Cosmed, Rome, Italy). Expiratory flow measurements were
performed by a turbine flow meter calibrated before each experiment
by a 3-L syringe at different flow rates. V02p and Vco, were
determined by continuously monitoring Po, and Pco, at the mouth
throughout the respiratory cycle and from established mass balance
equations. Calibration of O, and CO, analyzers was performed before
each experiment by utilizing gas mixtures of known composition. Gas
exchange ratio (R) was calculated as Vco./Vo,p. HR was determined
from the electrocardiogram signal.

Oxygenation changes in a superficial portion of vastus lateralis
muscles of both limbs were evaluated by NIRS. The main advantages
and limitations of this technology have been recently discussed in
reviews (6, 15). Portable continuous-wave, spatially resolved near-
infrared (NIR) light photometers (PortaLite, Artinis Medical Systems)
were utilized. The PortaLite probe consists of three light transmitters
(each emitted two wavelengths of 760 nm and 850 nm) separated by
3, 3.5, and 4 cm from the receiving optode. The deepest signal (4 cm)
was taken into account for the analysis. Thus the light penetration
depth can be estimated to be at least 2 cm [i.e., at least about half of
the source detector distance (18)]. The instruments provide measure-
ments of micromolar (wWM) changes in deoxygenated hemoglobin
(Hb)+myoglobin (Mb) concentrations (A[deoxy(Hb+Mb)]) and in
oxygenated (Hb+Mb; A[oxy(Hb+Mb)]). The sum between the two
variables (A[deoxy(Hb+Mb)+oxy(Hb+Mb)]) is related to changes
in the total Hb volume (blood volume in the investigated tissue). An
increased A[deoxy(Hb+Mb)] or a decreased A[oxy(Hb+Mb)], would
indicate an increased fractional O, extraction (ratio between Vo,m
and O delivery in the investigated tissue (see Ref. 15) only when
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A[deoxy(Hb+Mb)+oxy(Hb+Mb)] is constant. This is unlikely in
exercising muscles. In the past the problem was circumvented, at
least in part, by taking as an index of deoxygenation the
A[deoxy(Hb+Mb)] variable, which is relatively insensitive to blood
volume changes, and has been demonstrated to nicely correlate with
other variables related to fractional O, extraction (15). In the present
study, the problem was solved by utilizing, for values during exercise,
the method proposed by Ryan et al. (34), which allows correction of
the A[deoxy(Hb+Mb)] variable for changes in blood volume.

The probes were firmly attached to the skin overlying the lower
third of vastus lateralis muscles (~10 cm above the knee joint) of the
right and left limbs, parallel to the major axis of the thigh, by a belt
secured by Velcro straps and adhesive tape. The skin was carefully
shaven before the experimentation. The places where the probes were
attached were recorded using a skin marker and reproduced through-
out the tests. Black clothes were put around the probes and the skin to
prevent contamination from ambient light. The sampling frequency
was set at 10 Hz. Skinfold thicknesses at the sites of application of the
NIR probes were determined by a caliper (Gima, Milan, Italy) to
estimate adipose tissue thickness (ATT). The averaged values of skin
and subcutaneous tissue thickness were 3.6 = 1.0 and 4.1 = 1.0 mm
for the right and left limb, respectively. The NIRS probe on the left leg
was utilized to determine muscle deoxygenation changes during
recovery, whereas the NIRS probe on the right leg was utilized to
determine muscle oxygenation changes during exercise and for the
repeated ischemia protocol and the determination of the Vo.m off-
kinetics during the recovery (see below).

A[Deoxy(Hb+Mb)] values with respect to an initial value arbi-
trarily set equal to zero, were calculated and expressed in arbitrary
units. Before the exercise period, an ischemic/hyperemia calibration
of the right limb (i.e., physiological normalization) was utilized to
normalize A[deoxy(Hb+Mb)] values (27) by inflating a pressure cuff
(~300 mmHg) positioned at the inguinal crease of the thigh (subjects
in the sitting position on the cycloergometer) for a few minutes (from
2 to 4) until a signal plateau (indicating maximal deoxygenation) was
reached. A[deoxy(Hb+Mb)] values obtained during exercise were
then expressed as a percentage of the values obtained during the
ischemic calibration. All subjects were seated on the cycle ergometer
during the recovery period. They were instructed to place the leg on
which the occlusions were performed on a wooden platform (height
10 cm), with the foot fixed to the pedal, and to keep the other leg
relaxed, with the foot fixed to the pedal.

Voop and HR kinetics. Voop kinetics were mathematically evalu-
ated during transitions from rest to low (MODERATE) and high
(HEAVY) intensity CWR exercises (on-kinetics) and during the
recovery from MODERATE, HEAVY, and INCR exercises (off-
kinetics). Breath-by-breath Vo,p values were initially examined to
exclude outlier values caused by sighs, swallowing, and coughs, time
aligned, and then superimposed for each subject (25). Average Voop
values every 10 s were calculated. Data obtained during the first 20 s
of the on-transition [cardiodynamic phase (42)] were excluded from
analysis. Thus on-Voop kinetics analysis dealt mainly with phase 2 (or
fundamental component) of the response. To evaluate mathematically
the Voop kinetics, data were first fitted by the function:

y(t) = Ypas T Af[] — e(t—TD/)/Tf] o

and parameter values (TDj 7, were determined that yielded the
lowest sum of squared residuals. In Eq. 1, ¢ is the time, yzas indicates
the baseline, Ay is the amplitude between the ygas and the steady state
during the fundamental component, TD,is the time delay, and 7,is the
time constant of the function for the fundamental component. To
check the presence of a slow component (42) of the kinetics, data were
also fitted by other two functions. For details, please see Zuccarelli et
al. (45).

Average HR values every 5 s were calculated. HR kinetics were
analyzed by applying the same equations described above for Voop, as
suggested by previous authors (see e.g., Refs. 11 and 45).
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For the Voop off-kinetics, a monoexponential function based on
previous literature (29) was utilized:

y(t) = YEND — A[l — e(I—TD)/-r] )

where y(7) represents the Vo,p value at a given time (1), yenp is the
average value over the last 60 s of exercise, A is the amplitude of the
exponential term describing changes in Vo,p from exercise to its
asymptote during the recovery, T is the time constant, and TD is the
time delay of the function.

Equation 2 was also used for the analysis of skeletal muscle
reoxygenation off-kinetics (A[deoxy(Hb+Mb)]) in the leg without
occlusions.

Voom off-kinetics. Following the method proposed by Ryan et al.
(34) and Adami and Rossiter (3), Voom was estimated by calculating
the slope of the initial linear increase (~3 s) in NIRS-measured
A[deoxy(Hb+Mb)] during short (5-10 s) bouts of ischemia induced
by rapid (<1 s) inflation and deflation (DN 200/10/5, Stanley) of a
pneumatic cuff during the recovery from MODERATE, HEAVY, and
INCR exercises. A repeated arterial occlusion method (see Refs. 3 and
34) was carried out at the end of each exercise protocol (i.e., INCR,
MODERATE, and HEAVY). When the muscle reached a desaturation
target of 50% of the physiological normalization (1) (see below),
several intermittent arterial occlusions were performed: six occlusions
lasting 5 s each, separated by 10 s, and subsequently six occlusions
lasting 10 s separated by 30—60 s. When the target of 50% was not
reached at the end of the exercise protocol, the first arterial occlusion
was performed after 10 s.

Voom values were then fit by a monoexponential function accord-
ing to Eq. 3 (33):

J’(’) = yenp—A X e (&)

where y(7) represents the value of Voymata given time (7), y the Voom
immediately after the cessation of the exercise, A is the amplitude of
the response, k is the exponential recovery rate constant (k = [1/7];
expressed in min~'), and ¢ is time. Resting Vo.m values were
estimated by the same approach, described above, on the data ob-
tained during an arterial occlusion carried out at rest before the
physiological normalization procedure (see above).

Statistical analysis. Results are expressed as means = SD. Data
fitting by exponential functions was performed by the least-squared
residuals method. The statistical significance of differences between
HR and Vop slow component amplitudes was checked by a two-
tailed Student’s 7 test for paired data. A one-way ANOVA with
repeated measures was used to analyze the differences of Vo.m, Voop,
and muscle deoxygenation parameters at the different exercise inten-
sities. Assumptions of sphericity were assessed using the Mauchly
test, and any violations were corrected using the Geisser-Greenhouse
correction factor. When significant effects were observed, a Tukey’s
post hoc test was used to determine the exact location of the differ-
ence. The level of significance was set at P < 0.05. Statistical analyses
were carried out with a commercially available software package
(Prism 7.0; GraphPad). A coefficient of variation (CV) and intraclass
correlation coefficient (ICC) were utilized to analyze test-retest reli-
ability. ICC estimates were calculated using SPSS statistical package
version 23 (SPSS, Chicago, IL) based on a mean-rating (K = 2),
absolute-agreement, two-way mixed-effects model. The Bland-Alt-
man test for repeated measurements was used to assess the agreement
between the two evaluations of the Vo,m off-kinetics.

RESULTS

All subjects completed the entire protocol, with no adverse
events. Adipose tissue thickness was not significantly different
in the right compared with the left limb (P = 0.30). Main
respiratory, cardiovascular, and metabolic end-exercise or
steady-state values, determined during INCR (peak values) and
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Table 1. Main respiratory, cardiovascular, and metabolic
end-exercise values or steady-state values, determined
during incremental exercise (INCR) and constant work rate
exercises (MODERATE and HEAVY)

INCR MODERATE HEAVY

Work rate, W 315 = 45%# 118 = 28§# 201 = 36§*
Vozp, L/min 3.596 * 0.442*%# 2.067 + 0.2978# 3.183 * 0.356§*
Voop, mlkg™'min~"  47.5 £ 6.7 28.0 = 5.48# 41.0 = 6.08*
Vcoz, L/min 4351 = 0.428*# 1.994 = 0.2438# 3.145 = 0.313§*
R 1.21 = 0.06%#  0.93 = 0.068#  1.00 = 0.04§*
VE, L/min 143.6 £ 28.5*# 52.8 = 7.58# 88.7 £ 11.1§*
Vr, L 2.95 = 0.33%#  2.04 = 0.288#  2.61 = 0.29§*
fR, breaths/min 494 + 11.3*%# 26.4 = 4.58# 342 £ 5.8§8*
PETo , mmHg 114.5 = 4.8%# 100.1 = 4.28# 104.7 = 4.2§*
PETq , mmHg 36.6 = 5.2%# 43.8 = 2.38#  41.80 = 3.3§*
HR, beats/min 181 = 10%# 124 = 17§# 162 + 14§*
RPE, 6-20 19 + 1.06%# 8 = 2.03§# 16 = 1.60§*
A[Deoxy(Hb+Mb)],

%ischemia 68.3 = 31.9* 20.7 = 19.68#  71.2 = 19.9*

Values are means * SD. V(_)zp, pulmonary oxygen uptake; Vcos, CO,
output; R, gas exchange ratio; VE, pulmonary ventilation; Vr, tidal volume;
fR, breathing frequency; PETO end-tidal O partial pressure; PETCO
end-tidal CO; partial pressure; HR, heart rate; RPE, rate of percelved
exertion; A[deoxy(Hb+Mb)], changes in deoxygenated Hb and myoglobin
Mb concentrations, muscle oxygenation index obtained by near-infrared
spectroscopy. *P < 0.05 vs. MODERATE. #P < 0.05 vs. HEAVY. §P <
0.05 vs. INCR.

MODERATE and HEAVY CWR exercises are shown in Table
1. Voop peak values were typical for young physically active
subjects. R peak, HR peak [corresponding to 96% of the
age-predicted maximum (calculated as 208 - 0.7 X age) (39)],
and RPE peak values indirectly confirm that the INCR exercise
was maximal. GET occurred at 58% of Vo,p peak. Work rates
for MODERATE and HEAVY were 37 * 6 and 64 = 5% of
peak work rate, respectively. Mean values of Vo,p and HR
determined during the last 30 s of MODERATE were 58 = 6% of
Vozp peak and 69 = 9% of HR peak, respectively, whereas
during HEAVY values were 89 * 6% of Vopeak and 90 = 6%
of HR peak. Skeletal muscle fractional O, extraction (as indicated
by A[deoxy(Hb+Mb)]) during the last 10 s of MODERATE,
HEAVY, and INCR was ~21, 71, and 68% of the ischemic/
hyperemia calibration, respectively. A[Deoxy(Hb+Mb)] values
were significantly lower in MODERATE compared with INCR
and HEAVY (F = 39.80; P < 0.01). No significant differences
were observed between HEAVY and INCR.

In Fig. 1, Vop and HR on-kinetics obtained in a typical
subject for the two investigated intensities are shown. No slow
component for Vop was observed in MODERATE, whereas a
slow component was observed for HR. In HEAVY slow
components were detected both for Vozp and HR. In Table 2,
parameters deriving from the fitting of Vo,p and HR on-
kinetics are presented. For MODERATE, Eq. [ represented the
best fit for the Voop data in all subjects with the exception of
one, who did show a slow component with an amplitude
relative to the entire responses (A’s/Awr) equal to 7.8%. For
HR, confirming the data obtained in a recent study by our
group (45) a slow component with a relative amplitude of
21.4 = 13.0% of A’ /Ao Was detected in 12 subjects of 15. For
HEAVY, a slow component was observed in all subjects, for
both Vo,p and HR. The relative amplitude of the HR slow
component was greater than the relative amplitude of the Vozp
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slow component (23.0 = 11.0 and 13.3 *= 6.4%, respectively);
also, these data confirm those obtained in a previous study by
our group.

Representative Vozp and Vozm off-kinetics curves for a
typical subject following MODERATE, HEAVY, and INCR
are shown in Fig. 2. A monoexponential decrease was observed
in all conditions for both variables. For Vo,m, individual
values of the coefficient of determination (r?) ranged between
0.93 and 0.99. For Vozp, the 2 range was 0.96-0.99. In the
panel with the Vozm off-data, values obtained at rest before
the exercise are also shown (dashed horizontal line).
A[Deoxy(Hb+Mb)] values during the first occlusion following
MODERATE, HEAVY, and INCR were ~11, 49, and 48%,
respectively, of the ischemic/hyperemia calibration. Voom val-
ues at the onset of recovery (extrapolated to time = 0 s ac-
cording to the fitted monoexponential curve) were ~27, 38, and
35 times higher than those determined at rest (dashed horizon-
tal line) for MODERATE, HEAVY, and INCR, respectively.

As mentioned above, following MODERATE and HEAVY
each subject performed two repetitions of the protocol for
Voom off-kinetics determination: individual test-retest re-
producibility was moderate and good for MODERATE and
HEAVY, respectively [interclass correlation coefficient
(ICC) = 0.65; coefficient of variation (CV) = 43.5% for
MODERATE and ICC = 0.76, CV = 29.9% for HEAVY].
A corresponding Bland-Altman plot revealed a mean bias of
—2.76 s and a 95% confidence interval of —24.91, 19.38 s.

Parameters of the Voop and Voom off-kinetics are reported
in Table 3. For both Voyp off- and Vo,m-off, T and mean
response time (MRT = t+time delay) values were signifi-
cantly lower in MODERATE (see statistical details in Table 3)
vs. HEAVY and INCR, whereas no significant differences
were observed between HEAVY and INCR. 7 of Voym-off and
Vozp off values are also presented in Fig. 3. 7 Vozm off- was
significantly lower (faster kinetics) than the T Vozp off- fol-
lowing MODERATE, whereas no significant differences were
observed following HEAVY or INCR. The same conclusions
applied to k (k= [1/7]). A significant correlation between
individual values of the T Vozp off- and the T of Vozm off- was
observed following MODERATE, but not following HEAVY
or INCR (Fig. 4). In Fig. 4, the identity lines (y = x) are also
shown. Following MODERATE, all experimental points (with
the exception of one) lay above the identity line, confirming
that the T Voop off- overestimated the T Voom off-. A signif-
icant correlation (r = 0.43, P = 0.003) between individual
values of k of Voom off- and Voop peak values during INCR,
HEAVY, and MODERATE was found (Fig. 5).

For Voyp off-, the asymptotic values of the monoexpo-
nential functions were higher in INCR (0.673 = 0.076
L/min) vs. HEAVY (0.516 = 0.053 L/min) and MODERATE
(0.411 £ 0.061 L/min), and were higher in HEAVY vs.
MODERATE. The same trend was also observed for Vozm
off-values.

The kinetics of vastus lateralis deoxygenation (A[deoxy
(Hb+Mb)]) off-kinetics in the leg which did not undergo the
repeated occlusions protocol, fitted by a monoexponential
function, were significantly faster following MODERATE
(TD=113*£49s;7=223 % 14.0s; MRT = 33.6 £ 17.7 s)
vs. following HEAVY (TD = 19.8 = 8.1 s; 1 =485 =249 s;
MRT = 68.3 £28.2 s) and INCR (TD =172 £ 11.5 s;
7=1594 £ 258 s; MRT = 76.4 = 30.8 s). No significant dif-
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Fig. 1. Pulmonary O> uptake (Voop; lefr) and heart rate (HR; right) on-kinetics for a representative subject during constant work rate (CWR) exercise at 2
investigated intensity domains, MODERATE and HEAVY. The fitted functions are also shown. The dashed lines indicate the continuation of the
monoexponential fitting; vertical distances between experimental data and the dashed lines indicate the amplitude of the slow components of the responses. The
first two Voop data points (cardiodynamic phase) were excluded from the fitting. The vertical lines indicate the transitions from rest to the imposed work rate.

See text for further details.

ferences were observed between HEAVY and INCR. The
MRT of the A[deoxy(Hb+Mb)] off-kinetics was not different
from the T of Voom off- following MODERATE, whereas it
was substantially slower following HEAVY and INCR.

In Fig. 6, typical examples of the off-kinetics of A[deoxy
(Hb+Mb)], Aloxy(Hb+Mb)], and A[oxy-+deoxy(Hb+Mb)] ob-
tained on the vastus lateralis muscles of the leg undergoing
(top panels) and not undergoing (bottom panels) the re-
peated occlusions protocol are shown. As expected, in the
leg undergoing the repeated occlusions, during each occlu-

sion (vertical lines) an increase in A[deoxy(Hb+Mb)] and a
decrease in the A[oxy(Hb+Mb)], with no significant change
in A[oxy+deoxy(Hb+Mb)], were observed. The pattern of the
three variables is typical for an increased fractional O, extraction,
induced by the occlusion of blood flow. Interestingly, in the
contralateral leg, not undergoing the repeated occlusion protocol,
in the period corresponding to the occlusions occurring in the
contralateral leg A[deoxy(Hb+Mb)] decreased, whereas A[oxy
(Hb+Mb)] and A[oxy+deoxy(Hb+Mb)] increased, follow-
ing a pattern typical for vasodilation. In other words, the

Table 2. Pulmonary O uptake ( Vozp ) and heart rate (HR) kinetics parameters determined during constant work rate (CWR)

exercises

Intensity Domain ~ Work Rate, W VOopbas, L/min Voop, L/min Ay, L/min TDy, s Tp s TDy, s Ay, L/min A IAvor, %o
MODERATE 118 £28 0.420 £ 0.069 2.067 £0.297 1.647 £0.301 103 *=62 194 %49

HEAVY 201 £ 36 0.470 £ 0.096 3.183 £0.356 2361 £0.403 102 =*34 235*7.1 109.8+383 0489 0208 133=*+64
Intensity Domain ~ Work Rate, W HRpas, beats/min -~ HR, beats/min Ay, beats/min TDy, s TS TDs, s A,’, beats/min A IAsor, %
MODERATE 118 = 28 72 = 11 124 £ 17 44 = 12 3.1 =4.5% 155 £ 11.1%  105.1 £51.5 12*+9 21.4 = 13.0
HEAVY 201 £ 36 78 = 12 162 = 14 65 = 12 2.8 =34% 238 £11.0 81.4 = 44.9* 20 =10 23.0 = 11.0*

Values are means = SD. MODERATE, moderate CWR exercise; HEAVY, heavy CWR exercise; Vo;bas, oxygen uptake baseline; VOZ, end-exercise oxygen
uptake; HRpqs, heart rate baseline; HR, end-exercise heart rate; Ay amplitude of the fundamental component; TDy, time delay fundamental; 74 time constant
fundamental; TDy, time delay slow component; A,’, actual amplitude of the slow component; A,'/A,,, total amplitude of the response. *P < 0.05, significantly

different from HR values.
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Fig. 2. A: muscle Vo, (Voam) recovery kinetics for a representative subject

following incremental.(INC.R), MODERATE, and HEAVY exercises are

shown. B: pulmonary Vo2 (VOzp) recovery kinetics following INCR, MOD-

ERATE, and HEAVY exercises for a representative subject. In A and B,

experimental data and fitted functions are shown. The dotted horizontal lines
indicate the resting baseline values. See text for further details.

occlusions in one leg induced a reflex vasodilation in the
contralateral leg.

DISCUSSION

To the best of our knowledge, this is the first study to
analyze Voom off-kinetics by NIRS, by applying the repeated
occlusions approach, during the recovery of CWR cycle ergom-
eter exercise carried out at moderate intensity (MODERATE), at
heavy intensity (HEAVY), and during the recovery from an
incremental exercise (INCR). The study demonstrates the fea-

539

VO,m off- kinetics

807 | " |
60- (] Ad
o;lvo
2 404 o0 g
2 a2
° 00
20-
MODERATE  HEAVY INCR
VO,p off- kinetics
e = |
1
604
& 40-
l—'l
204
0
MODERATE INCR

Fig. 3. Time constant (1) values (indiv_idual yalues and means = SD values) of
muscle Voz (Vozm) and pulmonary Vo, (VOop) recovery kinetics following
MODERATE, HEAVY, and INCR. *Significant difference (P < 0.05). See
text for further details.

sibility of the proposed approach and negates the need to
perform a specific protocol of plantar flexion exercise, as
proposed by Ryan et al. (34) and by Adami and Rossiter (3). In
other words, Voom off-kinetics can be effectively determined
following standard cycle ergometer exercises carried out for
other purposes (Voyp peak, GET, Voyp on-kinetics evalua-
tion). As discussed in the INTRODUCTION, Vo,m off-kinetics
represents a valuable functional evaluation tool of skeletal
muscle oxidative metabolism, which can be utilized in normal
subjects, athletes, and patient populations.

Table 3. Muscle (Voym) and pulmonary Oz uptake (Vosp) kinetics parameters determined in the recovery from incremental

exercise (INCR) and constant work rate (CWR) exercises

MODERATE (95%CI)

HEAVY (95%CI) INCR (95%CI)

Voam (95%CI) Voap (95%CI)

Voam (95%CI)

Voap (95%CI) Voam (95%CI) Voap (95%CI)

TD, s 1.08 * 1.35 1.6 2.0 1.9+ 17
(0.33-1.84) (0.47-2.58) (0.93-2.84)

s 29.1 + 6.8%# 375 + 6.2¢ 40.8 + 10.9 42.1 = 6.0 422 + 109 44.7 = 5.1
(25.3-32.9) (34.0-40.9) (34.8-46.8) (38.8-45.2) (36.2-48.2) (41.8-47.5)

MRT, s 38.6 + 7.1% 435+ 69 46.5 * 5.0
(34.7-42.5) (39.7-47.4) (43.8-49.3)
k, min~! 2.16 * 0.45% 1.64 = 0.25* 1.58 = 0.44 145+ 0.22 1.51 £ 038 1.36 = 0.15
(1.91-2.41) (1.50-1.77) (1.33-1.82) (1.34-1.57) (1.30-1.72) (1.28-1.44)

Values are means = SD. TD, time delay; 7, time constant; MRT, mean response time; k, recovery rate constant; CI, confidence interval. *Significantly different
(P < 0.05) from corresponding value for Voop.#P < 0.05 vs. HEAVY and INCR.
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More specifically, the quality of the monoexponential fitting
utilized for Vo.m off-kinetics analysis was excellent (r* values
between 0.93 and 0.99). All subjects tolerated the repeated
occlusions protocol without significant problems, even follow-
ing the intense or exhaustive exercise, and the study had no
drop-outs. Based on the ICC results, the test-retest reliabil-
ity was moderate to good. The values of the time constant
(1) of the Voom off-kinetics were significantly lower (indi-
cating a faster kinetics) following MODERATE compared
with HEAVY and INCR. No significant differences were
observed between T values in HEAVY and INCR. The mech-
anisms responsible for the slower Vo,m off-kinetics at higher
work rates could be similar to those responsible for the slow

Vo,m OFF-KINETICS BY NIRS AFTER CYCLE ERGOMETER EXERCISES

component of Vozp on-kinetics: the recruitment of intrinsically
slower fibers, in terms of oxidative metabolism; the presence of
acidosis; reduced efficiency/fatigue; and a relative lack of O,
(16, 21). In the present study, however, no significant correla-
tion was observed between the relative amplitude of the slow
component of Voyp on-kinetics and the difference in 7 of the
Voom off-kinetics determined following MODERATE and
HEAVY. The individual values of the skeletal muscle rate
constant (k) correlated with Voop peak, confirming the data
obtained by Wiist et al. (43) in an animal model, as mentioned
in the INTRODUCTION. The observation confirms the role of Voom
off-kinetics as a functional evaluation tool of oxidative metab-
olism.

In terms of O, availability during the recovery phase, our
study allows to make some indirect inferences. According to
Adami and Rossiter (3), adequate O, availability is a prereq-
uisite for a reliable functional evaluation of oxidative metab-
olism by the determination of the Vo,m off-kinetics. Following
the recommendations by Adami and Rossiter (3), to ensure
adequate O, availability the repeated occlusions protocol was
initiated at specific percentages of the physiological calibration
(the range between A[deoxy(Hb+Mb)] at the end of the
sustained arterial occlusion and the peak value reached during
the reactive hyperemia; see MATERIALS AND METHODS). Whereas
the occlusions following MODERATE exercise were con-
ducted under conditions of almost maximum O, availability
(first occlusion occurring at ~10% of the distance between
maximum oxygenation and maximum deoxygenation; the fol-
lowing occlusions at even lower percentages), for HEAVY and
INCR the availability of O, was relatively minor (first occlu-
sion at ~50% of the physiological calibration range). Accord-
ing to Adami and Rossiter (3), this percentage should corre-
spond to an adequate O, availability, but no experimental
data have been provided to support this concept. Thus in
strict terms it cannot be excluded that the slower Vo.m
off-kinetics observed following HEAVY and INCR, with
respect to MODERATE, could be attributable, at least in part,
to a reduced availability of O». In any case, the exercise-intensity
dependency of the T of Voom off- observed in the present study
underscores the need to quantify the absolute and relative (i.e.,
with respect to GET, critical power, Voop peak) intensity of the
exercise preceding the recovery phase during which the Vo.m
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Fig. 5. Individual values of the recovery rate constant (k) of muscle Vo,
(Voom) recovery kinetics following MODERATE, HEAVY, and INCR as a

function of pulmonary Vo, peak. Dashed lines indicate the 95% confidence
intervals.
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off-kinetics is determined. This quantification was impossible
following the experimental approach proposed by Adami and
Rossiter (3) and by Ryan et al. (34), whereas it was feasible by
following the approach utilized in the present study.

Another methodological aspect which remained unresolved
with the approach proposed by Ryan et al. (34) and by Adami
and Rossiter (3) is the following: how much, in quantitative
terms, was Voom increased (vs. rest) during the exercise
preceding the recovery phase? The issue is critical, since, as
suggested by Adami and Rossiter (3), only in the presence of
a significant activation of oxidative metabolism the determina-
tion of the Voom off-kinetics would represent a valid functional
evaluation tool. The data of the present study allow an indirect
answer to this question, based on two assumptions. /) The
backextrapolation to time 0 of the monoexponential function
describing Voom off-kinetics represents a reliable estimate of
the Voom at the end of exercise. Considering the very precise
fitting of Voom data, and since the adopted monoexponential
functions substantially yield no time delay, the mentioned
assumptions appear legitimate. 2) Voom values obtained during
the ischemia carried out with the subject in resting conditions
(see MATERIALS AND METHODS) represent a reliable estimate of
the resting oxidative metabolism of the muscle. When it was
calculated for MODERATE, HEAVY, and INCR, the ratio
between the Vo,m extrapolated to the end of exercise and the
resting Voom (horizontal dashed lines in Fig. 2A), values equal
to ~27, 35, and 38 were obtained. In other words, at the end of
the exercise Voom values were ~25—40 times higher than at
rest. These values appear to be compatible with the literature
(4, 5, 24) and confirm the significant increase in oxidative

energy expenditure during the exercise preceding the off-
kinetics. The resting Vo,m values indicated by the dashed line
in Fig. 2 allow us to make a further observation. At the end of
the recovery phase considered in the present study (~7 min),
the Voom values (see the asymptote of the function describing
Voom off-kinetics) were still significantly higher than the
Voom values at rest. In other words, a very slow component of
the Voom off-kinetics was presumably present, and it could not
be considered by our analysis (26).

By utilizing the velocity constant k as the parameter to
evaluate the Voom off-kinetics, we were able to compare the
data obtained in the present study, following the three inves-
tigated work rates (2.16 min~! following MODERATE, 1.58
min~! following HEAVY, 1.51 min~! following INCR), with
literature obtained in different populations by utilizing the
plantar flexion exercise protocol (see INTRODUCTION), and sum-
marized by Adami and Rossiter (3). Since k = 1/7, a faster
kinetics is indicated by a lower value of T (time constant) or by
a higher value of k (velocity constant). The k data of the present
study (see above) substantially correspond to the higher
(MODERATE) and lower (HEAVY and INCR) ends of the
spectrum for “normal” subjects reported by Adami and Ros-
siter (3). As expected, the Vo,m off-kinetics of the present
study were significantly slower than those observed in endur-
ance athletes (9), and significantly faster than those observed in
patient populations [chronic heart failure (38, 44), spinal cord
injury (12, 13), chronic obstructive pulmonary disease (1, 2)].
As mentioned above, our data underscore the exercise intensity
dependency of the Vom off-kinetics. On the other hand, an
exercise intensity dependency could not be identified by the
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plantar flexion protocol proposed by Ryan et al. (34) and by
Adami and Rossiter (3), in which exercise intensity cannot be
quantified.

A slightly slower Voym off-kinetics following sprint vs.
moderate running was described by Buchheit et al. (10) by
utilizing an experimental approach similar to that of the present
study. On the other hand, no difference in Vo,m off-kinetics,
determined by a different method (invasive measurements and
the Fick equation to calculate Voom across the exercising
muscles), was described by Krustrup et al. (24) following
moderate- vs. heavy-intensity knee extension exercise. Rossiter
et al. (31) observed no difference in 7 for the PCr off-kinetics
(considered a close proxy of Voom off-; see INTRODUCTION)
following moderate- vs. heavy-intensity knee extension exer-
cise. After consideration that following heavy-intensity exer-
cise a slow component of PCr off- was observed in the study
by Rossiter et al. (31), the results of the present study (slower
Voom off- following heavy-intensity exercise) appear in sub-
stantial agreement with those obtained by Rossiter et al. (31).
Ryan et al. (35) observed no differences in Voom off-kinetics
(NIRS +repeated occlusions, as in the present study) following
plantar flexion exercises carried out with increasing contraction
frequencies; the difference with the results of the present study
could relate, at least in part, to the very short duration (15 s) of
the exercise employed by Ryan et al. (35), which obviously
precluded the reaching of a steady state for Voum.

Regarding the Voop off-kinetics, they followed a pattern
similar to that described above for Vozm off-: the kinetics were
faster following MODERATE vs. following HEAVY or INCR,
with no significant difference between these last two condi-
tions. As far as the comparison between the Vozm off- and the
Vozp off-kinetics, no significant differences were described
following HEAVY and INCR, whereas following MODER-
ATE the Vozm off-kinetics was faster. On the other hand, only
following MODERATE a significant correlation between the 7
of Voyp off- and the T of Vo,m off- was observed. In other
words, following MODERATE the T of Vozp off- was corre-
lated with, but overestimated, the T of Voom off-. Following
HEAVY and INCR, no correlations between the two variables
were observed. Thus following all exercise intensities the Voop
off-kinetics cannot be utilized as a proxy for the Vo.m off-
kinetics. This confirms the conclusions by the study of Krus-
trup et al. (24), in which Voom off-kinetics were determined,
by a different method, following knee extension exercise. The
mechanisms responsible for the discrepancies between the two
kinetics are likely attributable to the influence of cardiocircu-
latory adjustments (cardiac output is exponentially decreasing
in the period taken into consideration by the off-kinetics
analysis) and/or of changes in O, stores between skeletal
muscles and the subject’s mouth. The faster of Vozm off-
compared with the Voop off-kinetics described in the present
study following MODERATE confirms the observations by
Krustrup et al. (24) following knee extension exercise.

As illustrated in Fig. 6, during the recovery following
exercise, ischemia applied to one leg induced a reflex vasodi-
lation in the contralateral leg. To the best of our knowledge,
this represents a novel observation. It has been described
before that voluntary contraction in another limb (19), mental
stress (8), immobile alerting and fighting behavior, and imag-
ery of voluntary exercise (19) induce vasodilation and increase
blood flow in another limb. The mechanism(s) responsible for

Vo,m OFF-KINETICS BY NIRS AFTER CYCLE ERGOMETER EXERCISES

the metaboreflex observed in the present study are not clear.
Increased shear stress and increased nitric oxide (NO) and
prostacyclin release by endothelial cells (37) must be excluded,
since the metabolic signal(s) arose from an ischemic maneuver.
B>-Mediated vasodilatory effects, as a result of adrenaline
release by the adrenal medulla (37), must be excluded as well,
since the vasodilation occurred almost immediately during the
ischemia in the other limb. It can be hypothesized that meta-
bolic signals induced by the ischemia in one limb, superim-
posed on metabolic signals associated with the recovery phase
following exercise, reached the cardiovascular control center
through group III and IV afferent fibers. The efferent arm of
the metaboreflex, responsible for the neurogenic vasodilation,
is less clear. Conflicting evidence is present in the literature in
favor or against the occurrence of a withdrawal of sympathetic
vasoconstriction (see discussion in Ref. 19). The idea of a
sympathetic cholinergic vasodilation (presumably involving
NO) has been around for decades (see Refs. 22 and 37) and
would be supported by the observation that the initial vasodi-
lation in the nonexercising limb is blocked by atropine but not
by propanolol (36). A strong argument against this possibility,
however, lies in the lack of anatomic or histochemical evidence
for any cholinergic neural pathway in human skeletal muscles
(22, 37). In any case, the metaboreflex was present only
transiently, since it disappeared after ~90 s into the recovery
(see Fig. 6).

In conclusion, Vozm off-kinetics determination by the NIRS
repeated occlusions approach, carried out following standard
cycle ergometer exercise at different intensities, is a feasible
and useful functional evaluation tool for skeletal muscle oxi-
dative metabolism. With respect to the original approach (plan-
tar flexion exercise) proposed by Ryan et al. (34) and by Adami
and Rossiter (3), the approach proposed in the present study
can be applied during the recovery following standard cycle
ergometer exercises conducted for the evaluation of other
relevant variables of oxidative metabolism (Voyp peak, gas
exchange threshold, critical power, Voop kinetics), without the
need of performing an additional protocol.
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