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Abstract
Introduction: Chronic kidney disease (CKD) is associated 
with impaired maximal exercise capacity (MEC). However, 
data are scarce on the development of MEC in CKD stage 4–5 
patients transitioning to renal replacement therapy (RRT). 
Methods: We explored the change in MEC measured in watts 
(Wlast4) with 2 consecutive maximal bicycle stress ergome-
try tests in 122 CKD stage 4–5 patients transitioning to dialy-
sis and transplantation in an observational follow-up study. 
Results: Mean age was 58.9 ± 13.9 years and 43 (35.2%) were 
female. Mean time between the baseline and follow-up er-
gometry tests was 1,012 ± 327 days and 29 (23.8%) patients 
had not initiated RRT, 50 (41.0%) were undergoing dialysis, 
and 43 (35.2%) had received a kidney transplant at the time 
of the follow-up ergometry test. The mean Wlast4 was 91 ± 
37 W and 84 ± 37 W for the baseline and follow-up ergome-
try tests, respectively (p < 0.001). The mean Wlast4 declined 
between the baseline and follow-up ergometry tests in pa-

tients not requiring RRT (p = 0.001) and transplant recipients 
(p = 0.005), but not in dialysis patients (p = 0.478). There were 
no differences in the ratio of Wlast4 of the follow-up to the 
baseline ergometry tests (∆Wlast4) between patients on dif-
ferent treatment modalities at the time of the follow-up test 
(p = 0.097). Mean capillary blood bicarbonate was signifi-
cantly associated with ∆Wlast4 after adjusting for age and 
treatment modality in the multivariate linear regression 
analysis (β = 0.226, p = 0.012). Conclusion: MEC declined or 
remained poor in advanced CKD patients transitioning to 
RRT or continuing conservative care in this observational 
study. Mean capillary blood bicarbonate was independently 
associated with the development of MEC.

© 2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

Impairment of maximal exercise capacity (MEC) is 
common in chronic kidney disease (CKD) and is associ-
ated with mortality [1–3]. Attenuated MEC has been 
demonstrated across all stages of CKD including dialysis 
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patients and kidney transplant recipients compared to 
healthy controls [1–5]. Moreover, MEC has been shown 
to further deteriorate with time especially in patients with 
advanced CKD with or without maintenance dialysis de-
pendency, whereas in mild to moderate CKD and in 
transplant recipients exercise tolerance seems to remain 
more stable [6–9]. However, very limited data exist on the 
development of MEC in advanced CKD patients transi-
tioning to different treatment modalities of renal replace-
ment therapy (RRT). An observational study published in 
1987 showed an improvement in MEC in 20 end-stage 
renal disease patients following kidney transplantation 
[10]. However, in the study by Painter et al. the sample 
size was limited and no control group was included. A 
more recent study in 2020 by Lim et al. explored the 
change in MEC before and after transplantation in 81 kid-
ney transplant recipients as well as in wait-listed CKD 
and hypertensive non-CKD controls [11]. In line with the 
findings by Painter et al., MEC improved in kidney trans-
plant recipients in the study by Lim et al. However, the 
study patients were fairly young and only modestly co-
morbid possibly not reflecting the general CKD stage 4–5 
population. Thus, we sought to investigate the develop-
ment and determinants of MEC measured using repeated 
maximal bicycle stress ergometry tests in consecutively 
recruited CKD stage 4–5 patients transitioning to dialysis 
and transplantation in an observational follow-up cohort 
study.

Materials and Methods

This prespecified analysis is a part of the ongoing prospective 
Chronic Arterial Disease, quality of life and mortality in chronic 
KIDney injury (CADKID) study (http://www.ClinicalTrials.gov 
NCT04223726) protocol assessing arterial disease, quality of life, 
and mortality in patients with CKD stage 4–5. The primary study 
cohort comprised 210 study patients consecutively recruited be-
tween 2013 and 2017. All included patients were ≥18 years of age 
and had CKD stage 4–5 with estimated glomerular filtration rate 
(eGFR) <30 mL/min per 1.73 m2 calculated using the Chronic Kid-
ney Disease Epidemiology Collaboration equation.

This is a follow-up study of the previously published report of 
the CADKID study on the determinants of maximal stress er-
gometry performance in 174 non-dialysis CKD stage 4–5 patients 
[12]. All study patients in the initial report were scheduled for a 
follow-up maximal stress ergometry test within a time interval of 
3 years from baseline. A total of 52 patients, most of whom (26 pa-
tients) perished, did not perform the follow-up ergometry test and 
were excluded from the study (shown in Fig. 1). Altogether 122 
study patients completed the 2 consecutive stress ergometry tests 
and comprised the patient cohort of the present study. The study 
cohort was then divided into 3 subgroups (no RRT, dialysis, and 
transplant patients) according to the treatment modality at the 
time of the follow-up stress ergometry test. Different dialysis mo-
dalities (hemodialysis vs. peritoneal dialysis) were not segregated 
in the dialysis patient group.

Maximal Stress Ergometry Test and Biochemical Data
In line with the previous report and clinical standards, the max-

imal stress ergometry test was performed as an incremental, symp-
tom-limited bicycle exercise test at the Department of Clinical 
Physiology of the research hospital. The primary test workload for 
each participant was modeled according to an estimated maxi-
mum workload (using datasets of the Mini Suomi study [13] as a 
reference) and a targeted test duration of 6–10 min. All tests were 
preceded by a 30-s warm-up phase during which the target speed 
of 60 rpm was reached. The workload was increased automatically 

CADKID
n=210

Baseline
ergometry

n=174

Control 
ergometry

n=122

Control bicyle ergometry not performed (excluded):
- Deceased (n=26)
- Condi�on deteriorated (n=14)
- Extreme hypertension at control ergometry (n=1)
- Control ergometry performed with dobutamine (n=1)
- Lower limb amputa�on (n=1)
- Severe lower limb neuropathy (n=1)
- Severe hip pain (n=1)
- Quit study (n=1)
- Declined (n=1)
- Unknown (n=5)

Fig. 1. Flowchart of the study patients. 
CADKID, Chronic Arterial Disease, qual-
ity of life and mortality in chronic KIDney 
injury.
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10–20 W per minute by the ergometry software until symptom 
limitation within 6–10 min. The study patients were instructed to 
maintain a cycling speed of 60 rpm and encouraged to persist un-
til exhaustion. The mean workload of the last 4 min of maximal 
stress (Wlast4) in watts was collected along with maximal heart 
rate, metabolic equivalent of task, and maximal oxygen uptake for 
all patients. As the study protocol did not include a complete spi-
roergometry, the metabolic equivalent of task and maximal oxygen 
uptake values were derived from the achieved workload in watts 
by the ergometry software. The Borg scale (score range 6–20 with 
6 indicating very light exertion and 20 indicating extremely hard 
exertion) was used to assess the intensity of exercise [14]. Further-
more, all patients underwent echocardiography at rest prior to the 
stress ergometry test using a commercially available ultrasound 
system (Vivid E9; GE Vingmed Ultrasound, Horten, Norway) with 
a 3.5-MHz phased-array transducer (M5S). Left ventricular ejec-
tion fraction, left ventricular end-diastolic diameter, and left ven-
tricular mass index were collected for all patients in line with clin-
ical standards.

All the study patients were periodically followed up in the kid-
ney center of the research hospital. Thus, extensive serial biochem-
ical data provided by Turku University Hospital laboratory service 
(TYKSLAB) were collected for each patient every 3 months en-
compassing the time interval between the baseline and follow-up 
ergometry tests. The mean of all the collected values of each labo-
ratory test was used in the analyses.

As MEC assessment in watts has been used successfully in pri-
or studies on exercise tolerance of CKD patients [8, 15], Wlast4 
was chosen as the base for the primary outcome measure. Wlast4 
has been previously described as a measure of MEC in ergometry 
[13]. The values considered normal for expected maximal exercise 
performance measured as watts are derived and extrapolated from 
large datasets of the Mini Suomi study. The algorithms for Wlast4 
expected exercise performance are incorporated in the cycle er-
gometer software and used in day-to-day clinical work. The use of 
Wlast4 was deemed to better represent MEC as the measure takes 
into account a larger portion of the final phase of the ergometry 
test in contrast to a single achieved peak workload measure. Thus, 
primary outcome of the study was the change in MEC defined as 
the ratio of Wlast4 of the follow-up to the baseline ergometry tests 
(∆Wlast4).

Ethics
The study was approved by Medical Ethics Committee of the 

Hospital District of Southwest Finland, and all procedures were in 
accordance with the Helsinki Declaration. All patients provided 
written informed consent before entering the study.

Statistics
The results are reported as mean ± standard deviation and me-

dian (interquartile range [IQR]) for normally distributed and 
skewed variables, respectively, while categorical variables were re-
ported with absolute and relative (percentage) frequencies. Nor-
mality in continuous variables was tested with Kolmogorov-
Smirnov and Shapiro-Wilk tests.

The comparisons between the variables of the baseline and fol-
low-up ergometry tests within the whole study cohort, and for the 
subgroups separately, were performed using the Wilcoxon signed 
rank test or Paired-Samples T Test according to the distribution of 
the ratio of each variable of the follow-up to the baseline ergometry 

tests. The comparisons between different subgroups (no RRT, di-
alysis, and transplant patients) were performed using the one-way 
ANOVA and Kruskal-Wallis tests for normally distributed and 
skewed covariates, respectively, and with a post-hoc Bonferroni 
correction to allow for multiple pairwise comparisons. Categorical 
variables were compared using the Pearson χ2 test. The association 
between treatment modality and change in Wlast4 during follow-
up was also explored using repeated measures ANOVA (Proc 
Mixed, SAS Institute Inc.) and followed by adjustment for age and 
eGFR at baseline. The correlation/clustering between repeated 
measurements within a subject was taken into account by using an 
unstructured correlation structure, based on Akaike’s and Bayes-
ian information criterion examination.

The univariate associations between the dependent variable 
and tested covariates were separately analyzed using linear regres-
sion models. The covariates with a univariate association at p < 
0.10 significance level with the dependent variable (online suppl. 
Table. 1; for all online suppl. material, see www.karger.com/
doi/10.1159/000520103) were entered in the multivariate linear re-
gression model. The entered covariates included use of calcium 
channel blockers (dihydropyridines), mean left ventricular end-
diastolic diameter of the baseline and follow-up echocardiogra-
phies, and mean capillary blood bicarbonate. Only 1 antihyperten-
sive medication was included in the multivariable model to avoid 
multicollinearity, and mean capillary blood bicarbonate was se-
lected out of the acid base analyses results due to the most signifi-
cant univariate association. The multivariable model was adjusted 
by entering age and treatment modality at the time of the follow-up 
ergometry test as covariates. Potential existence of multicollinear-
ity was assessed by examining variance inflation factors. The com-
bined missingness in the whole study cohort data was <0.3%, and 
no data were missing in the multivariable model.

All analyses were 2-sided and p < 0.05 was considered statisti-
cally significant. IBM SPSS Statistics software version 26.0 and SAS 
version 9.3 (SAS Institute Inc.) were used to perform all analyses, 
as appropriate.

Results

Altogether 122 study patients underwent the baseline 
and follow-up maximal bicycle stress ergometry tests and 
were included in this study. Mean age was 58.9 ± 13.9 
years and 43 (35.2%) were female. Baseline eGFR was 13.2 
± 3.5 mL/min/1.73 m2 in the whole cohort, and the pa-
tients not receiving RRT during the study had slightly 
higher baseline eGFR compared to others (Table 1). Mean 
time between the baseline and follow-up ergometry tests 
was 1,012 ± 327 days. A total of 29 (23.8%) patients had 
not initiated RRT, 50 (41.0%) were undergoing mainte-
nance dialysis, and 43 (35.2%) had received a kidney 
transplant at the time of the follow-up ergometry test. 
The mean dialysis vintage was 675 ± 282 and 961 ± 351 
days in the patients receiving dialysis and transplanted 
patients at the time of the follow-up ergometry test, re-
spectively. The mean kidney transplant vintage at the 
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time of the follow-up ergometry test was 481 ± 295 days 
in the transplant recipients.

The baseline characteristics, medications, and mean 
follow-up biochemical data are summarized in Table 1 
and data for the baseline and follow-up ergometry tests in 
Table 2. The mean Wlast4 in the whole study cohort was 
91 ± 37 W and 84 ± 37 W for the baseline and follow-up 
ergometry tests, respectively (p < 0.001). The Borg scale 
scores were 19 (IQR 0) and 19 (IQR 0) for the baseline and 

follow-up ergometry tests, respectively, indicating that 
maximal exertion was achieved in both tests. However, 
Borg scale data were available in only 39/122 (32.0%) and 
43/122 (35.2%) patients for the baseline and follow-up 
ergometry tests, respectively. Transplant recipients had 
higher age, sex, and body-size corrected Wlast4 at base-
line and follow-up ergometry tests than others (trans-
plant recipients (70 ± 18 W for the baseline ergometry 
and 65 ± 20 W for the second ergometry test)) versus no 

Table 1. Baseline characteristics, medications, and mean follow-up biochemical data between the ergometry tests 
of the study patients according to treatment modality at the time of the follow-up ergometry test

No RRT (N = 29) Dialysis (N = 50) Transplant (N = 43)

Age, mean (median), years 70 (72) 59 (61)α 52 (52)β,Ω

Female 7 (24.1) 20 (40.0) 16 (37.2)
BMI 26.9 (24.7–28.8) 28.1 (24.6–32.6) 25.2 (23.0–30.1)
eGFR, mL/min/1.73 m2 15 (12–18) 12 (11–14)α 12 (11–14)β

Smoking 11 (37.9) 23 (46.9) 17 (39.5)
Hypertension 28 (96.6) 50 (100) 42 (97.7)
Diabetes 9 (31) 21 (43) 14 (32.6)
Heart failure 6 (20.7) 8 (16.0) 1 (2.3)β,Ω

Atrial fibrillation 8 (27.6) 8 (16.0) 0 (0)β,Ω

CAD 5 (17.2) 5 (10.0) 2 (4.7)
Stroke 3 (10.3) 3 (6.0) 4 (9.3)
PAD 0 (0) 7 (14.0) 3 (7.0)
Medications

Betablocker 20 (69.0) 39 (78.0) 28 (65.1)
Calcium channel blocker 19 (65.5) 43 (86.0)α 37 (86.0)β

Insulin 4 (13.8) 15 (30.0) 13 (30.2)
Statin 13 (48.3) 30 (60.0) 28 (65.1)
Calcium carbonate, mg 1,000 (500–1,000) 1,000 (500–1,000) 1,000 (1,000-1,000)
Sodium bicarbonate, mg 2,000 (1,250–2,500) 2,000 (1,375–3,000) 2,500 (2,000–4,625)

Biochemical data
Hemoglobin, g/L 120 (113–129) 112 (108–120)α 117 (112–122)
Creatinine, µmol/L 364 (282–386) 522 (423–611)α 391 (331–534)β,Ω

Urea, mmol/L 21.4 (16.2–25.0) 20.0 (17.6–23.6) 18.0 (15.4–19.6)β,Ω

Albumin, g/L 36.3 (±2.6) 32.7 (±3.7)α 34.0 (±2.8)β

Ionized calcium, mmol/L 1.23 (±0.05) 1.21 (±0.06) 1.24 (±0.06)Ω

Phosphorus, mmol/L 1.25 (1.14–1.43) 1.51 (1.40–1.73)α 1.45 (1.30–1.55)β

Parathyroid hormone, ng/L 154 (92–210) 279 (210–398)α 222 (152–320)β

HbA1c, mmol/mol 37 (33–40) 35 (31–51) 34 (31–49)
pH 7.39 (7.36–7.42) 7.39 (7.37–7.42) 7.39 (7.36–7.40)
Carbon dioxide, kPa 5.1 (4.8–5.5) 5.2 (4.9–5.5) 5.1 (4.9–5.4)
Bircarbonate, mmol/L 22.7 (21.5–24.8) 23.7 (22.2–24.9) 23.0 (21.5–24.2)
Ferritin, μg/L 256 (119–371) 397 (249–530)α 317 (247–534)
Transferrin saturation, % 25.5 (21.7–30.1) 24.5 (22.8–27.4) 28.2 (23.2–31.6)

Categorical values in parentheses are % unless stated otherwise. Continuous variables are expressed as mean 
(±SD) or median (IQR) for normally distributed and skewed covariates, respectively. The biochemical data are the 
calculated cumulative means of the follow-up blood tests regularly collected every 3-month intervals between the 
baseline and follow-up ergometry tests. BMI, body mass index; eGFR, estimated glomerular filtration rate; CAD, 
coronary artery disease; PAD, peripheral artery disease; HbA1c, glycosylated hemoglobin; RRT, renal replacement 
therapy; SD, standard deviation; IQR, interquartile range. α No RRT versus dialysis group p < 0.05. β No RRT versus 
transplant group p < 0.05. Ω Dialysis versus transplant group p < 0.05.
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RRT and dialysis groups together (56 ± 21 W for the base-
line ergometry and 53 ± 22 W for the second ergometry 
test) (p < 0.01 for both comparisons). Furthermore, the 
mean Wlast4 decreased in the patients not requiring RRT 
(p = 0.001) and transplant recipients (p = 0.003) while no 
significant change in Wlast4 between the baseline and fol-
low-up ergometry tests was observed in patients receiving 
dialysis (p = 0.322) (shown in Fig. 2). The maximum heart 
rate decreased in the patients not receiving RRT (p = 
0.008) while no change in achieved maximum heart rate 
was observed in dialysis or transplant patients (Table 2). 
There were no differences in the ∆Wlast4 of the follow-up 
and baseline ergometry tests between the study groups  
(p = 0.10). The decline in Wlast4 from the baseline to the 
follow-up ergometry test in the whole study population 
remained significant when examined using repeated 
measures ANOVA (F 14.63, p < 0.01). Treatment modal-
ity, however, was not associated with the change in Wlast4 

from baseline to follow-up in repeated measures ANOVA 
before (F 1.86, p = 0.16) or after adjustment for age and 
baseline eGFR (F = 1.99, p = 0.14). The mean interval be-
tween the ergometry tests was shorter in patients not re-
ceiving RRT and dialysis patients compared to transplant 
recipients (p < 0.05 for both comparisons) (Table 2).

Univariate associations between risk factors and 
∆Wlast4 are shown in online supplementary Table 1. The 
delay between the baseline and follow-up ergometry tests, 
dialysis vintage, or time from transplantation at the time 
of the follow-up ergometry test were not associated with 
∆Wlast4 in the univariate models. In the multivariable 
linear regression analysis, mean capillary blood bicarbon-
ate remained significantly associated with ∆Wlast4 after 
adjusting for age and treatment modality at the time of 
the follow-up ergometry test (β = 0.226, p = 0.012). The 
results remained unaltered when the time interval be-
tween the ergometry tests was included in the model.

Table 2. Echocardiography data at rest and stress ergometry data for the baseline and follow-up ergometry tests

No RRT (N = 29) Dialysis (N = 50) Transplant (N = 43)

Ergometry test baseline
EF, % 65 (60–69) 64 (60–70) 65 (63–69)
LVEDD, mm 53 (52–56) 54 (50–60) 53 (48–56)
LVMI 108 (85–125) 100 (89–130) 88 (81–110)
Wlast4, W 87 (±25) 81 (±40) 106 (±35)β, Ω

Wlast4%, % 59 (±17) 54 (±22) 70 (±18)Ω

Max heart rate, /min 125 (±20) 119 (±25) 137 (±24)Ω

MET, units 4.7 (4.1–5.2) 4.6 (3.6–5.4) 5.7 (5.0–7.3)β, Ω

VO2max, mL/(kg·min) 16.3 (14.4–21.6) 16.0 (12.5–19.1) 20.1 (17.4–27.0)β, Ω

Ergometry test follow-up
EF 63 (60–69) 63 (58–69) 66 (64–70)Ω

LVEDD 53 (52–57) 54 (51–58) 52 (48–55)
LVMI 99 (88–128) 108 (93–123) 98 (87–111)
Wlast4, W 78 (±26) 78 (±44) 96 (±33)β

Wlast4%, % 54 (±17) 53 (±24) 65 (±20)Ω

Max heart rate, /min 117 (±21) 122 (±27) 131 (±23)
MET, units 4.3 (3.6–4.9) 4.2 (3.7–5.3) 5.5 (4.8–6.5)β, Ω

VO2max, mL/(kg·min) 14.9 (12.4–17.2) 14.9 (12.9–18.6) 19.2 (15.7–22.7)β, Ω

Ergometry test Δ
Time between tests, days 899 (±215) 956 (±313) 1,151 (±360)β, Ω

Wlast4 ratio 0.90 (0.79–0.93) 1.0 (0.84–1.15) 0.91 (0.78–1.05)

Categorical values in parentheses are % unless stated otherwise. Continuous variables are expressed as mean 
(±SD) or median (IQR) for normally distributed and skewed covariates, respectively. The biochemical data are the 
calculated cumulative means of the regularly collected follow-up blood tests of the study patients. EF, ejection 
fraction; LVEDD, left ventricular end-diastolic diameter; LVMI, left ventricular mass index; Wlast4,mean workload of 
the last 4 min of maximal stress; Wlast4%, the mean proportional workload of the last 4 min of the age, sex, and 
body-size predicted value; MET, metabolic equivalent of task; VO2max, maximal oxygen uptake; RRT, renal 
replacement therapy; SD, standard deviation; IQR, interquartile range. α No RRT versus dialysis group p < 0.05. β No 
RRT versus transplant group p < 0.05. Ω Dialysis versus transplant group p < 0.05.
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Discussion

In this large observational prospective follow-up co-
hort study, overall MEC declined in CKD stage 4–5 pa-
tients transitioning to RRT or continuing conservative 
care during a mean follow-up of ca. 3 years. The attenua-
tion of exercise tolerance was, however, limited to pa-
tients not receiving RRT and transplant recipients while 
MEC remained poor and similar to baseline in patients 
who had initiated and continued on maintenance dialy-
sis. However, there were no significant differences in 
∆Wlast4 between study patients with different treatment 
modalities at the time of the follow-up ergometry test. 
Interestingly, mean capillary blood bicarbonate was inde-
pendently associated with ∆Wlast4.

This is the first study to explore the development of 
MEC in a large real-world observational cohort of CKD 
stage 4–5 patients transitioning to dialysis and/or trans-
plantation or continuing on conservative renal care. Prior 
studies have primarily described the change in MEC 

within specific patient populations not transitioning to 
other treatment modalities [6–9]. One previous study ex-
ploring the development of exercise tolerance in end-
stage renal disease patients receiving kidney transplants 
published in the late 1980s by Painter et al. [10] enrolled 
only 20 patients, that is, less than half the number of 
transplant patients included in the present study and was 
too small to draw definite conclusions. More recently, 
Lim et al. compared the change in MEC in 81 kidney 
transplant recipients to cohorts of wait-listed CKD and 
hypertensive non-CKD patients and demonstrated an 
improvement in exercise tolerance after transplantation. 
However, the mean age of the transplant recipients was 
43 years, and few comorbidities were observed in the 
study [11]. Strikingly, we observed a substantial decline 
in MEC in CKD patients who underwent kidney trans-
plantation in contrast to the findings in prior studies [9–
11]. Furthermore, the change in exercise tolerance was 
comparable between treatment modalities and numeri-
cally similar between patients not receiving RRT and 

Fig. 2. The development of mean Wlast4 between the baseline and follow-up ergometry tests according to treat-
ment modality at the time of the follow-up ergometry test. The comparisons were performed using Wilcoxon 
signed rank test and paired-samples T test, as appropriate. Wlast4, mean workload of the last 4 min of maximal 
stress in watts; RRT, renal replacement therapy.
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transplant recipients (Table 2). There are multiple pos-
sible explanations for this finding. First, the transplant 
recipients in our study were older and had more cardio-
vascular comorbidities compared to prior studies [9–11]. 
The criteria for kidney transplant eligibility were strict in 
1987 compared to contemporary criteria. Second, the pa-
tients in the previous studies were more specifically se-
lected, whereas the patients in our study were recruited 
consecutively representing a real-world cohort of patients 
known to lead a sedentary life style [16]. Third, the dialy-
sis vintage in the transplant recipients of our study was 
substantial (mean >2.5 years), possibly contributing to 
the poor MEC at the follow-up ergometry test. However, 
our findings do not rule out the possibility of cessation in 
MEC decline after transplantation as ergometry tests 
were performed at only 2 separate time points and only 
once following transplantation. Exercise tolerance ap-
pears to be better sustained in younger transplant recipi-
ents with or without exercise training intervention while 
beneficial effects of exercise training in improving MEC 
have been demonstrated also in older transplanted pa-
tients with a wide range in kidney transplant vintage [9, 
17].

Overall, the MEC was poor in this study as the mean 
Wlast4 ranged between 53% and 65% of the age, sex, and 
body-size predicted value in the follow-up ergometry test 
regardless of treatment modality (Table  2). Unsurpris-
ingly, transplant recipients had higher age, sex, and body-
size corrected MEC at both baseline and follow-up er-
gometry tests compared to others. The finding probably 
reflects the high level of cardiovascular comorbidity in 
our study as virtually all patients were hypertensive, over 
a third had diabetes, and almost half had a history of 
smoking (Table 2). In line with this reasoning, it is plau-
sible that MEC did not decline significantly in the dialysis 
group as these highly comorbid patients are the frailest of 
CKD patients with the poorest baseline exercise tolerance 
and, thus, have the least MEC “in reserve” to lose. The as-
sociation between mortality and impaired MEC has been 
shown in several studies on different subsets of CKD pa-
tients as well as in our previous work [1–3, 18]. Although 
exercise training has been demonstrated to improve MEC 
in CKD patients with and without RRT, data are incon-
sistent whether ameliorated MEC through physical train-
ing improves survival [17, 19–21]. There are, however, 
consistent data that exercise training is safe and improves 
quality of life in CKD and transplant patients [17, 19, 22]. 
Thus, it is reasonable to strive to counter MEC decline as-
sociated with CKD and recommend regular exercise 
training and enforce early physical rehabilitation after 

kidney transplantation as stated in current guidelines 
[23].

Mean capillary blood bicarbonate was independently 
associated with ∆Wlast4 in our study. This finding is rel-
evant as low bicarbonate levels have been associated with 
poor physical performance in prior studies in patients 
with or without CKD [24, 25]. In this context, it is not a 
surprise that bicarbonate was associated with ∆Wlast4 as 
MEC remained poor or declined further in the study co-
hort. In previous studies, the bicarbonate measurements 
have been performed on single or few samples [24, 25] 
whereas our current data demonstrate an association be-
tween ∆Wlast4 and mean bicarbonate levels of serial 
measurements taken every 3 months throughout the 
whole follow-up interval during most of which the study 
patients were uremic or undergoing dialysis. Neverthe-
less, the mean bicarbonate in each subgroup remained 
within reference range reflecting the correction of acido-
sis with alkali supplementation in clinical practice in the 
research hospital (Table 2). However, correction of bicar-
bonate levels with alkali has not been associated with im-
proved physical performance in CKD patients whereas 
some data exist on the positive effect of sodium bicarbon-
ate supplementation on physical exercise performance in 
athletes [26, 27]. The clinical significance and implica-
tions of bicarbonate on MEC in CKD patients remain un-
clear and warrant further research.

This study has the limitations of an observational study. 
The sample size was moderately limited in comparison to 
the initial cohort of the study on ergometry performance 
[12] due to mortality and morbidity of the study patients. 
Baseline eGFR was slightly higher in the patients not re-
ceiving RRT in this real-world study. The difference, how-
ever, was small and unlikely to skew the findings on the 
development of MEC as the great majority of patients were 
in CKD stage 5 at baseline and the mean time interval be-
tween the ergometry tests was almost 3 years. Further-
more, the lack of a significant treatment group effect on the 
development in Wlast4 through follow-up remained unaf-
fected by adjustment for age and baseline eGFR in repeat-
ed measures ANOVA. Furthermore, no measured data on 
upper limb muscle strength or day-to-day physical activity 
were available. However, the maximal stress bicycle er-
gometry test provides solid data on lower limb muscle 
strength and cardiorespiratory performance. As the study 
protocol did not include a complete spiroergometry, true 
maximal oxygen uptake or respiratory exchange ratio were 
not collected and Borg scale data were available in only a 
third of the study patients, the maximality of the study 
stress ergometry test was more subjective. Nevertheless, all 
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patients were persistently encouraged to continue cycling 
until exhaustion. Furthermore, the patients were exten-
sively studied and the ergometry tests performed accord-
ing to the same standards in the same department of the 
research hospital. Furthermore, extensive follow-up bio-
chemical data were collected providing good and reliable 
data quality on study patients transitioning to RRT or con-
tinuing conservative care. Despite these limitations, we be-
lieve that these data can guide future research and offer 
insight on the importance of exercise tolerance in CKD 
patients initiating dialysis or receiving transplants. Some-
what surprisingly MEC remained at a lower level even after 
a year following kidney transplantation compared to that 
observed in the predialysis phase. In light of this finding, 
there seems to be an unrecognized need for long-term 
physical rehabilitation of kidney transplant patients fol-
lowing transplantation. The recent prospective random-
ized multicenter EXCITE trial showed that a personalized 
walking exercise program at home improves the physical 
performance of dialysis patients and reduces their rate of 
hospitalization [28] and similar programs may be warrant-
ed for transplant patients.

In conclusion, MEC declined or remained poor in this 
observational prospective study on CKD stage 4–5 pa-
tients transitioning to dialysis or transplantation or con-
tinuing conservative care. Mean capillary blood bicar-
bonate was independently associated with the change in 
exercise tolerance in this study.
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