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Abstract

Purpose Aerobic exercise capacity is reduced in patients with chronic kidney disease, partly due to alterations at the muscular
and microvascular level. This study evaluated oxygen uptake (VO,) kinetics as indicator of muscular oxidative metabolism
in a population of Kidney Transplant Recipients (KTRs).

Methods Two groups of KTRs enrolled 3 (n=21) and 12 months (n = 14) after transplantation and a control group of healthy
young adults (n=16) underwent cardiopulmonary exercise testing on cycle-ergometer. The protocol consisted in two sub-
sequent constant, moderate-load exercise phases with a final incremental test until exhaustion.

Results The time constant of VO, kinetics was slower in KTRs at 3 and 12 months after transplantation compared to controls
(50.4+13.1 s and 43.8+11.6 s vs 28.9+8.4 s, respectively; P <0.01). Peak VO, was lower in KTRs evaluated 3 months
after transplantation compared to patients evaluated after 1 year (21.3 +£4.3 and 26.4 + 8.0 mL/kg/min; P=0.04). Blood hae-
moglobin (Hb) concentration was higher in KTRs evaluated at 12 months (12.8 +1.7 vs 14.6 +1.7 g/dL; P <0.01). Among
KTRs, t showed a moderate negative correlation with Peak VO, (p=—0.52) and Oxygen uptake efficiency slope (OUES)
(r=—0.57) while no significant correlation with Hb and peak heart rate.

Conclusions KTRs show slower VO, kinetics compared to healthy controls. Hb and peak VO, seem to improve during the
first year after transplantation. VO, kinetics were significantly associated with indices of cardiorespiratory fitness, but less
with central determinants of aerobic capacity, thus suggesting a potential usefulness of adding this index of muscular oxida-
tive metabolism to functional evaluation in KTRs.
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Abbreviations VO, kinetics  Kinetics of oxygen uptake

ANOVA Analysis of variance VT1 First ventilatory threshold

CKD Chronic kidney disease

Hb Haemoglobin

HR Heart rate Introduction

KTRs Kidney transplant recipients

OUES Oxygen uptake efficiency slope Scientific evidence clearly shows that cardiorespiratory

fitness is a strong predictor of all-cause and cardiovascular
mortality independent of age, sex, ethnicity, and comor-
bidities (Myers et al. 2002; Kodama et al. 2009; Mand-
sager et al. 2018). Patients with chronic kidney disease
(CKD) have generally reduced maximal aerobic exercise
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matter of fact, anaemia, autonomic, vascular and cardiac
dysfunction are common in patients with end-stage renal
disease, frequently associated with skeletal muscle and/
or metabolic abnormalities (Painter et al. 2011). In par-
ticular, muscular alterations have been reported in this
population such as reduced capillary density, increased
diffusion distance and reduced mitochondrial density and/
or function (Kempeneers et al. 1990; Moore et al. 1993;
Painter et al. 2011). These characteristics may explain the
difficulty in restoring these patients’ aerobic capacity to
normal values after transplantation, despite an increase in
haematocrit and cardiac output, obtained with erythroid-
stimulating agents and exercise training (Stray-Gundersen
et al. 2016), should have a positive impact on maximal
oxygen uptake (Johansen et al. 2010). Moreover, also kid-
ney transplantation itself has been shown to facilitate the
recovery of some central limitations to exercise. Indeed,
with the normalization of renal function after transplanta-
tion the reduced blood haemoglobin (Hb) concentration
and maximal heart rate may improve (Painter et al. 2011).
Furthermore, deteriorations at the muscular level in KTRs
might in part also be due to immunosuppressive therapy
(Painter et al. 2003; Topp et al. 2003). Nevertheless, an
improvement in muscle quality has been hypothesized
(Habedank et al. 2009), and muscle alterations have been
shown to improve after transplant with withdrawal from
immunosuppressive therapy (Topp et al. 2003). The extent
of muscle recovery has, however, not yet been elucidated
and patients often maintain a condition of frailty and
increased risk of falling (McAdams-DeMarco et al. 2017,
Zanotto et al. 2017, 2020).

The kinetics of oxygen uptake (VO, kinetics), i.e.,
the rate of adjustment of the oxygen consumption to a
sudden increase in workload during the transition from
rest to constant, moderate intensity exercise, is thought
to reflect the oxygen utilization at a peripheral muscu-
lar level (Grassi 2005; Poole and Jones 2012). Reboredo
et al. previously evaluated VO, kinetics during a moderate
intensity constant load in patients with CKD before and
after a symptom-targeted intra-dialytic training program.
The results of their study showed an improvement of this
parameter with exercise training (Reboredo et al. 2015).
To our knowledge, very limited data exist, specifically
assessing VO, kinetics in KTRs, particularly for different
follow-up periods. The aim of the present study was thus
to investigate VO, kinetics in this population, to evaluate
possible peripheral limitations to exercise that may have
an impact on the typically lower exercise tolerance and
cardiorespiratory fitness of these patients. Since impor-
tant cardiopulmonary adaptations take place after renal
transplant, we decided to evaluate this parameter 3 and
12 months after the surgical intervention. The secondary
aim of the study was to evaluate if the VO, kinetics were

@ Springer

conditioned by other exercise-related variables in this spe-
cific population of KTRs.

Methods

This study included KTRs who received transplant at the
University Hospital of Padova between 2017 and 2018.
Ethical approval of the experimental design was obtained
from the Ethics Committee of the University of Padova
(approval number 43079). All procedures were conducted
in accordance with the Declaration of Helsinki and patients
provided written informed consent. The evaluation was per-
formed during routine clinical exercise testing, as previously
described for other patient population (Neunhaeuserer et al.
2017, 2020).

A first group of KTRs included 21 patients evaluated 3
months after transplant, while the second group included 14
patients evaluated 1 year after transplant. Patients with sig-
nificant systolic heart failure were excluded from the study.
16 young and apparently healthy subjects were enrolled as
control group for analysis of VO, kinetics. The baseline
characteristics of the three groups are described in Table 1.
The underlying CKDs of the included KTRs were of differ-
ent aetiologies. Table 2 reports the main clinical features
of the two groups of KTRs and shows that there was no
difference in blood creatinine concentration, while Hb was
significantly higher in the group evaluated 12 months after
surgery.

Exercise testing protocol
For each patient medical history was taken, physical exami-
nation was performed and recent blood Hb and creatinine

concentration were obtained. Cardiopulmonary exercise
testing was subsequently performed on a cycle ergometer

Table 1 Characteristics of the study participants

3-month group  12-month group Control group

Number (1) 21 14 16
Male/Female (n) 13/8 1272 9/7

Age (years) 53.52+10.24™ 50.29+5.77"  26.18+3.41
Height (cm) 168.96+8.01  171.25+9.46 173.88+8.21
Weight (kg) 67.97+11.51  7456+11.83  68.15+10.48
BMI (kg/m?)? 23.72+2.79 25354276  22.44+2.14

The characteristics of the three groups are expressed as mean+SD
unless otherwise noted

BMI: Body mass Index

**Significantly different (P <.05) from value obtained in control
group

#Data are non-normally distributed in at least one of the three groups
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Table 2 Characteristics of the

. 3-month group 12-month group P
two groups of kidney transplant
recipients Number 21 14
Male 13 (62%) 12 (86%)
Creatinine (pmol/L) 115.95+22.92 123.36 +23.41 .360
Hemoglobin (g/dL) 12.77+1.67 14.55+1.75 .005
B-blocker therapy 12 (57%) 6 (43%) 407
Type and duration of dialytic therapy
Dialytic therapy 18 (86%) 12 (86%) 1.000
Hemodialysis 8 (38%) 8 (57%) 268
Peritoneal dialysis 7 (33%) 3(21.5%) 704
Hemodialysis + peritoneal dialysis 3(14,5%) 1 (7%) .653
Mean Dialysis Time (months)* 30.9+33.6 249+21.0 .904
Cause of chronic kidney disease
Chronic glomerulonephritis 3 (14%) -
Polycystic kidney disease (APKD) 4 (19%) 5 (36%)
Diabetic nephropathy 3 (14%) -
Lupus nephropathy 1 (5%) -
Malformation/renal genetic syndrome - 2 (14%)
Other or unknown 8 (38%) 5 (36%)
Vasculitis - 1 (7%)
Hypertension 2 (10%) 1(7%)
Parameters are expressed as mean +SD or n (%)
*One patient has been excluded from the present analysis because the length of his dialytic treatment was
not known
3500 350
3000 300
2500 250
£ 2000 200
£ 2
§ 1500 150 =

o "t aﬁb‘% . * °o§

500 05 ?0’ S p—— oo
padel ,.‘Q\W 7’

(]
anflemsmm—
0
0 500 1000

Time (sec)

Fig. 1 The exercise test protocol used for this study and the related
oxygen consumption (VO,) of one of the participants. The dots rep-
resent breath-by-breath data of the subject’s VO, during the test. The
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dark (red) bars display the exercise intensities in Watts during the dif-
ferent test phases, while the light (orange) bar shows the unloaded
pedaling, performed before the constant load exercise test
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(eBike, General Electrics). To overcome the possible drop-
outs that could have arisen testing patients on two different
days, a specific protocol was designed to obtain both con-
stant load and incremental exercise testing data in a sin-
gle clinical evaluation (Fig. 1). The protocol consistent of
two 5-min constant load tests, both preceded by 2 min of
unloaded pedalling and separated by 6 min of resting. At the
end of the second constant load exercise, an incremental test
until exhaustion was carried out. Given the differences in the
age and fitness level between KTRs and healthy subjects, the
test protocols were slightly different: a constant load of 30
or 40 W was used for patients 3 months after transplant, a
constant load of 40 W was used for patients 12 months after
surgery and a constant load of 60 (female) or 75 (males)
Watts was used for controls. These loads were chosen to be
reasonably below the first ventilatory threshold (VT1) of
the subject being tested, to avoid the occurrence of a slow
component of VO, kinetics (Poole and Jones 2012). The
final incremental test consisted in a 15 W per minute ramp
for patients, and a 25 W per minute ramp for controls. Study
participants were asked to keep a constant pedal cadence
of 60+ 5 rpm (70 + 5 rpm for the control group). Breath by
breath cardiopulmonary parameters and 12 lead ECG were
recorded during the whole test (Jaeger-Masterscreen-CPX,
Carefusion, Germany).

Data analysis

The first two constant load bouts were used for the deter-
mination of the VO, kinetics during the transition from
unloaded pedalling to moderate intensity exercise. First, the
VO, responses were linearly interpolated using a mathemati-
cal software (MATLAB R2017a, Math Works, MA, USA) to
provide one value of VO, per second; thereafter the values of
the two bouts were averaged. Iterative nonlinear regression
(Levenberg—Marquardt procedure) was used to character-
ize the primary VO, response after removing the first 20 s
of data (to eliminate the phase 1 component, known as the
“cardiodynamic phase”), fitting the resting 5 min in a mono-
exponential function according to the following equation:

VO, = VO,(bl) + A*(1 — ¢ "T/7)

where VO,(t) is the VO, at time #; VO,(bl) is the baseline
VO, measured in the 30 s preceding the transition to exer-
cise; and Ap, TDP, and t are the amplitude, time delay, and
the time constant of the primary (phase 2) response of VO,
kinetics, respectively.

VO, at peak exercise (peak VO,) was determined dur-
ing a final, incremental ramp testing until patients’ exhaus-
tion, defining peak VO, as the highest average VO, recorded
during a 30-s period of testing. The first ventilatory thresh-
old (VT1) was estimated using the V-slope method and
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evaluating the ventilatory equivalent of VO, (Schneider et al.
1993). The oxygen uptake efficiency slope (OUES) was cal-
culated as the coefficient of the linear relationship between
oxygen uptake and the logarithm of total ventilation.

Statistical analysis

Normality of variables was checked using the Shapiro—Wilk
test. For comparisons between two groups, a chi-square test
was used to assess the differences between categorical vari-
ables. In the case expected cell frequencies were greater than
five a Fisher’s exact test was used. For continuous variables,
a t-test was used for normally distributed variables and a
Mann—Whitney U test for non-normally distributed vari-
ables. For comparisons between the three groups, one-way
analysis of variance (ANOVA) with post hoc analysis (Tuck-
ey’s post hoc test) was performed on all normally distributed
variables. For parameters that violated the assumption of
homogeneity of variances, a Welch test was performed and
Games-Howell post hoc tests were used for multiple compar-
isons. For variables that showed a non-normal distribution in
at least one of the three groups, a Kruskal-Wallis H test was
performed and pairwise comparisons were conducted using
Dunn’s (1964) procedure with a Bonferroni correction for
multiple comparisons. A statistical significance level of 0.05
was used for all tests; pairwise comparisons results were
expressed as adjusted P values. Controlling data for outliers,
the analysis was performed also removing the outliers and
their presence was tolerated if they did not alter the signifi-
cance of the results obtained. To assess correlations between
variables, Pearson’s r or Spearman’s rho correlation indexes
were used for normally and non-normally distributed vari-
ables, respectively. Statistical analysis was performed using
SPSS (v 25; IBM Corporation, Armonk, NY).

Results

The parameters of cardiorespiratory fitness obtained during
the incremental phase of cardiopulmonary exercise testing
were significantly reduced in both groups of KTRs when
compared to those of controls, showing lower peak VO,,
maximal power output, VO, at the VT1 and peak heart
rate. The VO,/Work Rate slope was, however, comparable
between all groups (see Table 3).

When comparing both groups of KTRs, aerobic exercise
capacity was higher 12 months after transplant compared to
3 months post-surgery. In particular, peak VO, (21.30+4.34
vs 26.37 +7.96 ml/min/kg; P =0.043), maximal power out-
put (105.48 +28.19 vs 148.21+48.22 W; P=0.007) and
OUES (1561.14+375.02 vs 1904.05 +477.45; P=0.023)
were found higher 1 year post-surgery. This was also con-
firmed by a more efficient ventilation as shown by the
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Table 3 Cardiopulmonary exercise test parameters and VO, kinetics analysis

3-month group

12-month group

Control group

Number
Peak parameters
Peak VO, (mL/min)

21 (13M, 8 F)

1443.81 & 374.90%#*

14 (12M, 2 F)

1951.58 +591.74%*

16 OM,7F)

2861.49+771.90

Peak VO, (mL/kg/min)* 21.30£4.34%* 26.37£7.96%* 41.70+7.82
Percentage of the predicted VO, peak (%) 75.7+15.5%%* 83.7+22.8%* 109.9+18.7
Maximal power output (W)* 105.48 +28.19%%* 148.21 +48.22%%* 251.56 +58.79
Peak heart rate 133.43 +20.56** 144.07 £21.41%* 181.25+10.40
Percentage of the maximal predicted heart rate (%) 79.67 +12.16%* 84.29 + 11.49%* 93.38+5.21
Peak Respiratory exchange ratio® 1.18 £0.10%* 1.18 +0.04%** 1.27+0.09
Parameters at the first ventilatory threshold
VO, (mL/min)* 910.43 £179.27** 1090.86 & 345.92%* 1594.63 +514.27
VO, (mL/kg/min)* 13.50 £2.30%* 14.74 £4.50%** 23.44+6.42
VO, (percentage of peak VO,) 64.14+£7.63 56.88+11.21 56.33+11.54
Power output (W)* 50.95+15.70%** 70.00+33.29%* 123.44+44.22
VO, kinetics analysis
Time constant “tau” (t) (s) 50.40+13.11%* 43.84+11.57*%* 28.91+8.37
Other parameters
VE/VCO?2 slope* 29.28 £4.25%* 26.89+£2.57 24.91+£2.93
Oxygen uptake efficiency slope (mL/logL) 1561.14 +375.02%* 1904.05 +477.45%* 2762.49 +654.78
VO,/Work slope (mL/W) 8.77+2.0 10.04 +1.73 9.48+1.42

Parameters are expressed as mean +SD

*Significantly different (P <.05) from value obtained in 12-month group, **Significantly different (P <.05) from value obtained in control group

“Data are non-normally distributed in at least one of the three groups

lower VE/VCO, slope 12 months after transplantation
(29.28 +£4.25 vs 26.89+2.57, P=0.048; see Table 3 and
Table S1 of the supplementary material).

Finally, the time constant T of the VO, kinetics was
slower in KTRs compared to controls (50.40+13.11 s,
95% CI 44.4-56.4 5; 43.84 +£11.57 s, 95% CI 37.2-50.5 s;
28.91+8.37 5,95% CI124.4-33.4 s; both P <0.01) (Table 3,
Fig. 2).

Moreover, the time constant T of KTRs showed nega-
tive correlations with peak VO, (p=-10.52, P<0.01),

peak power output (p=-0.59; P<0.01), VO, at the VT1
(p=-0.41; P=0.01), power output at the VT1 (p=-0.71;
P <0.01) and the OUES (r=-0.57; P<0.01). No signifi-
cant correlation was found between T and Hb (r=—0.33,
P =0.06) or percentage-predicted peak heart rate (HR)
(r=-0.05, P=0.80). Conversely, Hb was more strongly
correlated with main parameters of cardiorespiratory fit-
ness, similarly to what found for patients’ peak HR (see
Fig. 3 and Table S2).
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Fig.2 The average values of VO,, plotted against time and recorded
during the constant load phases in the three study groups. Panel A
shows the VO, kinetics of kidney transplant recipients evaluated 3
months after surgery, panel B shows VO, kinetics of patients evalu-

ated 1 year after surgery and panel C shows VO, kinetics of the con-
trol group. The respective average time constant (t) values of VO,
kinetics are reported
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Fig.3 The time constant T of KTRs is negatively correlated with
parameters of aerobic fitness, such as VO,/kg (panel A) and the oxy-
gen uptake efficiency slope (panel B). However, the time constant ©

Discussion

To the authors’ knowledge, this is the first study to evaluate
specifically VO, kinetics in KTRs with different follow-up
periods after transplantation. The aim underlying this study
was thus to investigate non-invasively the peripheral limita-
tions to physical exercise in a group of patients with altera-
tions at the muscular and microvascular level.

KTRs are known to have reduced aerobic exercise capac-
ity in terms of peak VO,, which tends to show a partial
recovery during time after transplant (Kempeneers et al.
1990; Habedank et al. 2009; Painter et al. 2011). The pre-
sent study supports this evidence, in fact patients evaluated
early after transplant showed an abnormally low peak VO,
(75.7 £15.5% of predicted). This value seems to improve 1
year after transplant (83.7 +22.8% of predicted; Table S1).
These results confirm existing data on VO, improvement
after kidney transplant (Habedank et al. 2009; Painter et al.
2011) and, given the cross-sectional design of this study,
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seems less associated with patients’ blood Hb concentration and peak
heart rate (panel C and D, respectively)

warrant further longitudinal evaluations on larger numbers
of patients. It seems reasonable that the main contributors to
exercise intolerance in these patients have to be individually
evaluated, considering central and peripheral limitations of
the oxygen transport system. CKD patients often carry sev-
eral complications of end-stage renal disease, such as anae-
mia, autonomic dysfunction, peripheral vascular disease and
muscular abnormalities (Painter et al. 2011). The improve-
ment in exercise capacity seen after kidney transplant has
been associated with an increased cardiac output secondary
to an increased peak heart rate (Painter et al. 2011), while
the contribution of haemoglobin is likely to play a minor
role (Marrades et al. 1996; Painter et al. 2011). Peripheral
limitations typical of these patients seem to contribute to the
impairment of aerobic capacity. Indeed, Painter et al. found
no improvement in peripheral oxygen extraction of KTRs
during a maximal exercise test compared to the pre-trans-
plant evaluation, suggesting that no changes occur in muscle
oxidative capacity with the normalization of renal function
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(Painter et al. 2011). Similar results have been found also
in patients with CKD, where the improvement in haemato-
crit and cardiac output obtained with erythroid-stimulating
agents and exercise training was not sufficient to normal-
ize the patients’ oxygen consumption, likely due to abnor-
malities found at the muscular level (Stray-Gundersen et al.
2016). Thus, the evaluation of muscular oxidative capacity
in patients with CKD or KTRs appears of primary impor-
tance for the assessment of physical function.

Our results showed that the two groups of KTRs had
slower VO, kinetics compared to a control group of young
and healthy adults, and that these higher time constants were
correlated with worse cardiorespiratory fitness, suggesting
a contribution of peripheral limitations to these patients’
exercise capacity. Even though few data on KTRs are avail-
able for comparisons, the time constants of our population
and the control group appear to be in line with previous evi-
dence on VO, kinetics, indicating feasibility and reproduc-
ibility in clinical settings (Tomczak et al. 2008). Moreover,
George et al. analysed the VO, time constants in a group
of healthy individuals aged 18—45 year old that performed
physical activity 2—4 times per week and values determined
in the control group of the present study are similar to the
ones they found (t=28.91 +8.37 s vs 26.8 +7.5 s, respec-
tively) (George et al. 2018). Compared to the control group,
the time constants of KTRs were significantly slower at
3 and 12 months after transplantation (50.4+13.11 s and
43.84+11.57 s, respectively). Although methodological dif-
ferences between studies must be considered, VO, kinetics
of KTRs 3 months after surgery seemed generally slower
than those of older inactive individuals (44.8+10.9 s),
which were comparable for KTRs of the 12-month group
(George et al. 2018). However, despite the age heterogene-
ity between groups, it was shown that physical fitness and
not aging per se, seems to determine the response of VO,
kinetics (George et al. 2018). Moreover, even though data
about VO, kinetics in KTRs are limited, the values of time
constants previously found in patients with CKD undergo-
ing dialysis (62.5 +19.6 s) (Reboredo et al. 2015), let us
to hypothesize a partial recovery of submaximal periph-
eral aerobic metabolism after transplant, associated with
the shown improved cardiorespiratory fitness after kidney
transplantation. However, further longitudinal studies are
needed to ultimately assess the changes in VO, kinetics from
end-stage renal disease to a long-term follow-up after renal
transplantation.

Moreover, among patients of the present study, VO,
kinetics were strongly correlated with indicators of physi-
cal fitness, and showed no significant correlations with cen-
tral determinants of the cardiopulmonary response to exer-
cise such as Hb and peak HR. On the contrary, indicators
of physical fitness showed better correlations with Hb and
peak HR (Table S2). Although these data cannot provide

information regarding the underpinning pathophysiological
mechanisms affecting VO, kinetics, study outcomes may
suggest that also peripheral adaptations occur after kidney
transplantation. As previously mentioned, current evidence
supports the hypothesis that slowed VO, kinetics during
moderate intensity cycling mainly reflect an impaired oxi-
dative capacity of the muscle. Even if this assumption is
still debated, particularly for patients with chronic diseases
(Poole and Jones 2012), the results of the present study
are in agreement with previous study outcomes, suggest-
ing that VO, kinetics could provide additional information
about these patients’ peripheral response to exercise (Tom-
czak et al. 2008). Furthermore, the found correlations and
reproducible absolute T values when compared with previ-
ous studies show that an evaluation of VO, kinetics inside a
clinical setting, with a pre-defined constant load, can provide
reliable values of time constants. Moreover, these outcomes
seem to accurately reflect experimental evaluations of VO,
kinetics at a defined percentage of the previously assessed
VTI1. As previously stated also by Reboredo et al. in rela-
tion to patients with CKD, the assessment of VO, kinetics
provides additional information about an exercise intensity
domain that is close to that of most physical activities of
daily living (ADLSs) (Reboredo et al. 2015). On these bases,
the analysis of VO, kinetics could thus result as a useful
integration to the comprehensive functional evaluation of
KTRs’ physical fitness, being relatively effort-independent.
Indeed, the time constant during submaximal exercise could
be used as marker for peripheral dysfunction in patients
whose exercise tolerance is limited by muscular abnormali-
ties (Stray-Gundersen et al. 2016).

Finally, although the absolute values of the time constants
of KTRs got closer to those of the control group during
12 months of follow-up, a statistically significant difference
was not reached between both groups of patients. Taking
also into account that peak VO, was higher 12 months
after transplantation, this might suggest a slower recovery
of peripheral muscle metabolism revealed at submaximal
exercise. Considering the good responsiveness of VO, kinet-
ics to exercise training programs, such type of intervention
should be recommended to KTRs to improve their periph-
eral exercise tolerance, especially at the clinically significant
workloads of common ADLSs (Reboredo et al. 2015).

Limitations and perspectives

The limitations of the current study are mainly due to the
cross-sectional design, which does not allow exhaustive
considerations on the time course of VO, kinetics in KTRs.
Furthermore, this study has not been designed to specifi-
cally investigate underlying pathophysiological mechanisms
but study outcomes should motivate future basic research
to address this issue. Moreover, future studies should
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investigate how ageing and exercise test intensity may affect
VO, kinetics in this population. A prospective randomized
controlled study, with a healthy and sedentary age-matched
control group, investigating the impact of a specific exercise
training intervention on VO, kinetics, would provide inter-
esting information on the clinical impact and reversibility of
peripheral exercise limitations.

Conclusions

In conclusion, it can be stated that our study is the first to
evaluate peripheral oxidative muscle metabolism by VO,
kinetics with specific standardized exercise testing in KTRs.
It has been shown that KTRs have impaired exercise toler-
ance and physical fitness, with a partial although incomplete
recovery 1 year after transplant. Also, the time constant t
of VO, kinetics is slower in KTRs at 3 and 12 months after
transplantation compared to young and healthy subjects. The
reduced aerobic exercise capacity of KTRs strongly corre-
lated with slower VO, kinetics, which seem less associated
with central determinants. A clinical evaluation of VO,
kinetics could add useful information to routine cardiopul-
monary exercise testing of KTRs, likely reflecting periph-
eral pathophysiological aspects of the integrated response to
physical exercise, also investigating the workload intensities
crucial for activities of daily living in this population.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00421-021-04672-x.

Authors’ contributions All authors contributed to the study concep-
tion. DN, FR, CDB, LF and AE designed the study. All authors were
involved in the acquisition and/or interpretation of data. AP, SG and
MB analysed the data. AP made the tables and figures, drafted and
revised the paper; DN, SO, AG, FB and AE revised the paper. All
authors approved the version to be published.

Funding Open access funding provided by Universita degli Studi
di Padova within the CRUI-CARE Agreement.. The authors did not
receive support from any organization for the submitted work.

Availability of data and materials The datasets generated during and/or
analysed during the current study are available from the corresponding
author on reasonable request.

Declarations

Conflicts of interest The authors have no conflicts of interest to declare
that are relevant to the content of this article. LF reports personal fees
from Chiesi Pharmaceutics, personal fees from Novartis, personal fees
from Astellas, outside the submitted work.

Consent to participate Patients included in the study provided written
informed consent.

@ Springer

Consent for publication No identifying information about participants
is available in the article, details that might disclose the identity of the
subjects under study have been omitted.

Ethics approval (include appropriate approvals or waivers) This study
was approved by the Ethics Committee of the “Azienda Ospedaliera—
Universita” of Padova (approval number 43079). All procedures per-
formed were in accordance with the ethical standards of the 1964 Hel-
sinki declaration and its later amendments.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

George MA, McLay KM, Doyle-Baker PK et al (2018) Fitness level
and not aging per se, determines the oxygen uptake kinetics
response. Front Physiol 9:1-11. https://doi.org/10.3389/fphys.
2018.00277

Grassi B (2005) Delayed metabolic activation of oxidative phospho-
rylation in skeletal muscle at exercise onset. Med Sci Sports Exerc
37:1567-1573. https://doi.org/10.1249/01.mss.0000177472.
67419.0a

Habedank D, Kung T, Karhausen T et al (2009) Exercise capacity and
body composition in living-donor renal transplant recipients over
time. Nephrol Dial Transplant 24:3854—3860. https://doi.org/10.
1093/ndt/gfp433

Johansen KL, Finkelstein FO, Revicki DA et al (2010) Systematic
Review and Meta-analysis of Exercise Tolerance and Physical
Functioning in Dialysis Patients Treated With Erythropoiesis-
Stimulating Agents. Am J Kidney Dis 55:535-548. https://doi.
org/10.1053/j.ajkd.2009.12.018

Kempeneers G, Noakes TD, van Zyl-Smit R et al (1990) Skeletal mus-
cle limits the exercise tolerance of renal transplant recipients:
effects of a Graded Exercise Training Program. Am J Kidney Dis
16:57-65. https://doi.org/10.1016/s0272-6386(12)80786-4

Kodama S, Saito K, Tanaka S et al (2009) Cardiorespiratory fitness as
a quantitative predictor of all-cause mortality and cardiovascular
events in healthy men and women: a meta-analysis. ] Am Med
Assoc 301:2024-2035. https://doi.org/10.1001/jama.2009.681

Mandsager K, Harb S, Cremer P et al (2018) Association of cardiores-
piratory fitness with long-term mortality among adults undergoing
exercise treadmill testing. JAMA Netw Open 1:¢183605. https://
doi.org/10.1001/jamanetworkopen.2018.3605

Marrades RM, Roca J, Campistol JM et al (1996) Effects of erythro-
poietin on muscle O2 transport during exercise in patients with
chronic renal failure. J Clin Invest 97:2092-2100. https://doi.org/
10.1172/JCI118646

McAdams-DeMarco MA, Ying H, Olorundare I et al (2017) Individual
frailty components and mortality in kidney transplant recipients.
Transplantation 101:2126-2132


https://doi.org/10.1007/s00421-021-04672-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2018.00277
https://doi.org/10.3389/fphys.2018.00277
https://doi.org/10.1249/01.mss.0000177472.67419.0a
https://doi.org/10.1249/01.mss.0000177472.67419.0a
https://doi.org/10.1093/ndt/gfp433
https://doi.org/10.1093/ndt/gfp433
https://doi.org/10.1053/j.ajkd.2009.12.018
https://doi.org/10.1053/j.ajkd.2009.12.018
https://doi.org/10.1016/s0272-6386(12)80786-4
https://doi.org/10.1001/jama.2009.681
https://doi.org/10.1001/jamanetworkopen.2018.3605
https://doi.org/10.1001/jamanetworkopen.2018.3605
https://doi.org/10.1172/JCI118646
https://doi.org/10.1172/JCI118646

European Journal of Applied Physiology (2021) 121:2005-2013

2013

Moore GE, Bertocci LA, Painter PL (1993) 31P-magnetic resonance
spectroscopy assessment of subnormal oxidative metabolism in
skeletal muscle of renal failure patients. J Clin Invest 91:420-424.
https://doi.org/10.1172/JCI116217

Myers J, Prakash M, Froelicher V et al (2002) Exercise capacity and
mortality among men referred for exercise testing. N Engl J Med
346:793-801

Neunhaeuserer D, Gasperetti A, Savalla F et al (2017) Functional eval-
uation in obese patients before and after sleeve gastrectomy. Obes
Surg 27:3230-3239. https://doi.org/10.1007/s11695-017-2763-x

Neunhaeuserer D, Savalla F, Gasperetti A et al (2020) Cardiorespira-
tory function and VO2 kinetics after sleeve gastrectomy: a follow-
up analysis. Intern Emerg Med 15:1201-1205. https://doi.org/10.
1007/s11739-020-02279-2

Painter PL, Hector L, Ray K et al (2002) A randomized trial of exer-
cise training after renal transplantation. Transplantation 74:42—48.
https://doi.org/10.1097/00007890-200207150-00008

Painter PL, Topp KS, Krasnoff JB et al (2003) Health-related fitness
and quality of life following steroid withdrawal in renal transplant
recipients. Kidney Int 63:2309-2316. https://doi.org/10.1046/j.
1523-1755.2003.00038.x

Painter PL, Krasnoff JB, Kuskowski M et al (2011) Effects of modal-
ity change and transplant on peak oxygen uptake in patients with
kidney failure. Am J Kidney Dis 57:113-122. https://doi.org/10.
1053/j.ajkd.2010.06.026

Poole DC, Jones AM (2012) Oxygen uptake kinetics. Compr Physiol
2:933-996. https://doi.org/10.1002/cphy.c100072

Reboredo MM, Neder JA, Pinheiro BV et al (2015) Intra-dialytic train-
ing accelerates oxygen uptake kinetics in hemodialysis patients.
Eur J Prev Cardiol 22:912-919. https://doi.org/10.1177/20474
87314543079

Schneider DA, Phillips SE, Stoffolano S (1993) The simplified V-slope
method of detecting the gas exchange threshold. Med Sci Sports
Exerc 25:1180-1184

Stray-Gundersen J, Howden EJ, Parsons DB, Thompson JR (2016)
Neither hematocrit normalization nor exercise training restores
oxygen consumption to normal levels in hemodialysis patients.
J Am Soc Nephrol 27:3769-3779. https://doi.org/10.1681/ASN.
2015091034

Tomczak CR, Warburton DER, Riess KJ et al (2008) Pulmonary oxy-
gen uptake and heart rate kinetics during the six-minute walk test
in transplant recipients. Transplantation 85:29-35. https://doi.org/
10.1097/01.tp.0000296056.00863.f0

Topp KS, Painter PL, Walcott S et al (2003) Alterations in skeletal
muscle structure are minimized with steroid withdrawal after renal
transplantation. Transplantation 76:667-673. https://doi.org/10.
1097/01.TP.0000076096.45542.1B

Zanotto T, Gobbo S, Bullo V et al (2017) Balance impairment in kid-
ney transplant recipients without concurrent peripheral neuropa-
thy. Gait Posture 55:116-120. https://doi.org/10.1016/j.gaitpost.
2017.04.018

Zanotto T, Gobbo S, Bullo V et al (2020) Postural balance, muscle
strength, and history of falls in end-stage renal disease patients
living with a kidney transplant: a cross-sectional study. Gait Pos-
ture 76:358-363. https://doi.org/10.1016/j.gaitpost.2019.12.031

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1172/JCI116217
https://doi.org/10.1007/s11695-017-2763-x
https://doi.org/10.1007/s11739-020-02279-2
https://doi.org/10.1007/s11739-020-02279-2
https://doi.org/10.1097/00007890-200207150-00008
https://doi.org/10.1046/j.1523-1755.2003.00038.x
https://doi.org/10.1046/j.1523-1755.2003.00038.x
https://doi.org/10.1053/j.ajkd.2010.06.026
https://doi.org/10.1053/j.ajkd.2010.06.026
https://doi.org/10.1002/cphy.c100072
https://doi.org/10.1177/2047487314543079
https://doi.org/10.1177/2047487314543079
https://doi.org/10.1681/ASN.2015091034
https://doi.org/10.1681/ASN.2015091034
https://doi.org/10.1097/01.tp.0000296056.00863.f0
https://doi.org/10.1097/01.tp.0000296056.00863.f0
https://doi.org/10.1097/01.TP.0000076096.45542.1B
https://doi.org/10.1097/01.TP.0000076096.45542.1B
https://doi.org/10.1016/j.gaitpost.2017.04.018
https://doi.org/10.1016/j.gaitpost.2017.04.018
https://doi.org/10.1016/j.gaitpost.2019.12.031

	A clinical evaluation of VO2 kinetics in kidney transplant recipients
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Exercise testing protocol
	Data analysis
	Statistical analysis

	Results
	Discussion
	Limitations and perspectives
	Conclusions

	References




