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KEY POINTS 

Question: What happens to cardiovascular functional reserve after kidney transplantation? 

Findings: We conducted the CAPER study, a 3-arm prospective concurrent control study to assess 

change to cardiovascular functional reserve after improving the uremic milieu through a kidney 

transplantation using state-of-the-art cardiopulmonary exercise testing. We report improved 

cardiovascular functional reserve 1 year after kidney transplantation in the absence of significant 

alterations in left ventricular morphology.   

Meaning: Improved cardiovascular reserve after a renal transplant seems to be primarily dependent 

on ultrastructural and functional alterations to the cardiovascular system and not primarily due to a 

change in left ventricular muscle mass.  

 

ABSTRACT 

Importance: Restitution of kidney function by transplantation confers a survival benefit in patients with 

end-stage renal disease (ESRD). Investigations of mechanisms involved in improved cardiovascular 

survival have relied heavily on static measures from echocardiography or cardiac MRI and have 

provided conflicting results to-date.  

Objective: To comprehensively evaluate cardiovascular functional reserve in patients with ESRD 

before and after kidney transplantation. Parallel assessment of functional and morphological 

alterations provides the first integrated time-course assessment of structural-functional dynamics in 

this population. 

Design: CAPER is a prospective, non-randomized 3-arm controlled study. 

Setting: Single-center study. 

Participants: CKD stage 5 patients who underwent kidney transplantation (KTR; n=81), waitlisted 

non-transplanted CKD stage 5 patients (NTWC; n=85) and treated hypertensive only non-CKD 

controls (HtC; n=87).  
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Main Outcomes and Measures: Cardiovascular functional reserve was objectively quantified using 

state-of-the-art cardiopulmonary exercise testing (CPET) in parallel with transthoracic 

echocardiography. Patients were followed longitudinally for up to 1 year after kidney transplantation. 

Results: At baseline VO2max was significantly lower in the CKD groups (KTR 20.75.8 and NTWC 

18.94.7 ml min-1kg-1) compared to HtC (24.9±7.1 ml min-1kg-1) (p<0.001). Cardiac left ventricular 

mass index (LVMI) was higher in patients with CKD (KTR 104.936.1 and NTWC 113.837.7 g/m2) 

compared to HtC (87.816.9 g/m2), (p<0.001). LV ejection fraction (LVEF) was significantly lower in 

the CKD (KTR 60.18.6 and NTWC 61.48.9 %) compared to HtC (66.15.9 %, p<0.001). Kidney 

transplantation conferred a significant improvement in VO2max in the KTR group at 12-months 

(22.5±6.3 ml min-1kg-1; p<0.001). The improvement did not reach VO2max of the HtC group (26.0±7.1 

ml min-1kg-1) at 12-months. VO2max declined in the NTWC group at 12-months compared to baseline 

(17.74.1 ml min-1kg-1, p<0.001). Compared to the KTR group or NTWC group at baseline, 

transplantation significantly improved LVEF at 12-months (p=0.02andp=0.003 respectively) but not 

LVMI.  

Conclusions and Relevance: The study demonstrates improved cardiovascular functional reserve 

following kidney transplantation at 1 year. Additionally, CPET was sensitive enough to detect a decline 

in cardiovascular functional reserve in waitlisted CKD patients. Improved VO2max may in part be 

independent from structural alterations of the heart and depend more on ultrastructural changes after 

reversal of uremia.   
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INTRODUCTION 

Cardiovascular disease (CVD) is highly prevalent and a leading cause of death in patients with chronic 

kidney disease (CKD)1. Left ventricular (LV) hypertrophy, and systolic and diastolic dysfunction are 

well-recognized predictors of worse cardiovascular outcomes in patients undergoing dialysis. In 

advanced CKD, the myocardium is exposed to complex metabolic stressors resulting from uremia-

related inflammation, oxidative stress, renin-angiotensin-aldosterone system activation, calcitriol and 

klotho deficiency, raised fibroblast growth factor (FGF)-23 and changes in mineral metabolism2. This 

leads to myocyte hypertrophy, reduced myocardial capillarization and non-vascularized interstitial 

fibrosis as well as arteriosclerosis and arterial stiffening3,4. Together, these ultrastructural changes 

reduce pump efficiency and increase cardiac energy expenditure and myocardial oxygen 

consumption. 

Kidney transplantation is the optimal treatment for end-stage renal disease (ESRD), reducing 

cardiovascular morbidity and improving quality of life and survival5-7. Some echocardiographic studies 

have reported reduced LV mass and improved LV ejection fraction (LVEF), but these findings have 

been inconsistent8-10. In fact, serial cardiac magnetic resonance (CMR) have failed to identify 

significant regression in LV mass after transplantation11. However, imaging cardiac structure at rest 

rather than function under strain may be insufficiently sensitive to detect ultrastructural changes 

occurring with uremia or its reversal after transplantation, and may therefore fail to accurately reflect 

the risk of premature cardiovascular death in CKD. Furthermore, both pre-transplant assessment and 

many trials in nephrology have traditionally relied upon static measures derived from 

echocardiography or cardiac MRI for risk prediction and to assess cardiovascular improvement or 

decline. These indices fail to accurately reflect the significant risk of premature cardiovascular death 

in the CKD population and their overall functional capacity.  

Cardiovascular functional capacity or performance can be objectively assessed through 

quantification of cardiovascular reserve using cardiopulmonary exercise testing (CPET)12. CPET 

incorporates ventilatory gas exchange measurements during graded exercise. Oxygen consumption 

at peak exercise (VO2max) and at the point of anerobic threshold (VO2AT) are objective, reproducible 
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measures of cardiovascular reserve. These CPET-derived indices reflect ventricular function 

(pumping capacity), vascular function (O2 delivery) and skeletal muscle metabolic capacity (O2 

utilization)13-15. Moreover, they appear to be robust predictors of cardiovascular morbidity and 

premature death among patients with advanced CKD independent of LV measures7,16. Despite this, 

the use of CPET in the field of nephrology is rare.   

We hypothesized that kidney transplantation results in significant improvement in 

cardiovascular functional reserve. We conducted the prospective CAPER (Cardiopulmonary Exercise 

Testing in Renal Failure and After Kidney Transplantation) study to characterize changes in 

cardiovascular reserve using state-of-the-art CPET technology before and after kidney 

transplantation, in comparison to non-transplanted ESRD controls and hypertensive controls with 

preserved kidney function. By assessing structural (echocardiography) and functional (CPET) 

alterations in parallel, CAPER is the first study to provide an integrated time-course assessment of 

critical prognostic variables that could allow robust cardiovascular risk stratification in the CKD 

population and inform future interventional trials.  

METHODS 

Study Design  

We conducted a 3-arm prospective, non-randomized controlled cohort study consisting of ESRD 

patients who underwent kidney transplantation (KTR), waitlisted non-transplanted ESRD (NTWC) and 

hypertensive non-CKD controls (HtC). Patients were assessed at baseline, 2-months and 1-year. 

ESRD patients aged ≥18 years undergoing kidney transplantation at the University Hospital Coventry 

and Warwickshire NHS Trust, UK were enrolled within 4-weeks preceding transplantation (efigure 1 

in the supplement). NTWC patients were enrolled, along with otherwise healthy patients with treated 

essential hypertension (HtC) and without evidence of CVD (HF, ischemic heart disease, 

cerebrovascular disease) or diabetes. HtC patients were included given the near-ubiquitous presence 

of hypertension in patients with advanced CKD12. HtC patients were recruited through a primary care 

database. Patients with pre-existing chronic lung disease were excluded.  
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CPET and echocardiography assessment 

All participants underwent CPET and echocardiography at baseline and after 2 and 12-months. In 

dialysis-dependent participants, all assessments were carried out on a non-dialysis day at least 12 

hours after the last dialysis session.18,19 Non-CKD hypertensive controls were excluded from the 2-

month assessment. CPET and echocardiography were performed as previously described20, and 

protocol details are provided in supplemental methods. 

 

Study Outcomes  

The primary study outcome was change in VO2max and VO2AT at 2 and 12-months from baseline in 

KTR versus NTWC patients. Secondary outcomes included change in VO2max and VO2AT at 12-

months from baseline in KTR versus NTWC and HtC patients. A tertiary objective was to assess the 

correlation of changes in determinants of VO2max with change in VO2max from baseline to 2 and 12-

months in each group. 

Statistical analysis  

Continuous variables were summarized by using means with standard deviation when normally 

distributed and by medians with interquartile range otherwise. Categorical variables are presented as 

frequencies with percentages. Two group comparisons between KTR and NTWC patients were 

conducted by independent group t-tests, Kruskal-Wallis test or χ2-test depending on variable type and 

distribution. Similarly KTR, NTWC and HtC patients were compared using one-way ANOVA, Kruskal-

Wallis test or χ2 tests as appropriate. Two-way repeated measures ANOVA with (time x group) 

interaction term, adjusted for covariates stated in the respective analysis presentation, were fitted to 

assess the change over time and for the comparison of groups at follow-up time points. P-values are 

presented for the within-subject by between subject interaction effect using the Huynh-Feldt-Lecoutre 

correction. The non-parametric Friedman test was used for repeated measures analysis where the 
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assumptions for repeated measures ANOVA were not met. The statistical analysis was conducted in 

SAS version 9.4 TS1M2 and a p-value of <0.05 was regarded as statistically significant throughout. 

Study Oversight  

The study was approved by the Black Country Research Ethics Committee (REC:09/H1202/113) and 

adhered to the Declaration of Helsinki. All eligible participants provided written informed consent.  

 

RESULTS 

Study Participants  

81 transplanted CKD patients enrolled prior to surgery (KTR), 85 non-transplant waitlisted control 

patients (NTWC) and 87 hypertensive controls (HtC) were enrolled. In the KTR group, the majority of 

patients obtained a living donor kidney transplant (91.4%). Maintenance immunosuppression following 

transplantation consisted of combination steroid (98%), tacrolimus (96%) or cyclosporine (1%), and 

azathioprine (51%) or mycophenolate mofetil (44%). Two-month assessments were completed by 73 

(90.1%) of the KTR and 81 (95.3%) of the NTWC participants. Twelve-month assessments were 

completed by 68 (84.0%), 61 (71.8%) and 71 (81.6%) of KTR, NTWC and HtC participants respectively 

(efigure 1 in the supplement). Of the 81 patients who underwent kidney transplantation, no patients 

had serious infectious complications requiring exclusion from the study. During the 12-months study 

period, 27 subjects required treatment for acute graft rejection episodes but this did not preclude them 

from the study. As illustrated in etable 1 in the supplement, the mean eGFR of all transplanted patients 

was 55.317.0 ml/min/1.73m2 at 2-months and 59.118.4 ml/min/1.73m2 at 12-months. 

KTR participants were aged 43.1±14.2 years compared to NTWC (49.7±12.8 years, p=0.002) 

and HtC (53.68.0 years, p<0.001). BMI was significantly lower in KTR (24.9±3.8 kg/m2) compared to 

NTWC (26.9±5.1 kg/m2) and HtC (27.7±3.4 kg/m2) participants (p=0.001, table 1). Gender, ethnicity, 

prevalence of hypertension, duration of antihypertensives, and tobacco smoking were not significantly 

different between the three groups. There were no significant differences in the antihypertensives 
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used, diabetes or CVD prevalence, dialysis vintage, hemoglobin, hs-CRP, serum calcium and albumin 

between CKD groups.  

 

Baseline cardiovascular functional and structural parameters 

All participants underwent CPET and performed maximal exercise that was accompanied by a median 

respiratory exchange ratio (RER, ratio of carbon dioxide production to oxygen consumption) ≥ 1.2 

(etable 2-I in the supplement). VO2max was lower in advanced CKD patients (KTR 20.7±5.8 and 

NTWC 18.9±4.7, ml min-1kg-1, p=0.03 compared to HtC (24.9±7.1, ml min-1kg-1, p<0.001). VO2AT was 

lower in advanced CKD (KTR 11.8±2.3 and NTWC 11.4±2.3, ml min-1kg-1) compared to HtC (14.8±3.8, 

ml min-1kg-1, p<0.001). CKD patients compared to HtC had lower maximal workload (KTR 115.3±50.7 

and NTWC 105±36.7 vs HtC 156.4±61.8 Watt, p<0.001), endurance time (KTR 10.3 (9.0, 11.7) and 

NTWC 10.3 (8.9, 11.7) vs HtC 11.7 (10.5, 12.8) min, p<0.001) and HRmax (KTR 139.0±22.9 and 

NTWC 132.1±18.5 vs 155.1±18.5, min-1, p<0.001). KTR and NTWC groups differed in baseline 

VO2max, but not VO2AT, maximal workload or endurance time. 

CKD patients had higher LV mass index (KTR 104.9±36.1 and NTWC 113.8±37.7 vs HtC 

87.8±16.9 g/m2, p<0.001), LVEDVI (KTR 48.2±16.7 and NTWC 51.0±17.7 vs 44.4±10.2 ml/m2, 

p=0.02) and LVESVI (KTR 19.8±8.6 and NTWC 20.6±10.9 vs HtC 14.9±4.6 ml/m2, p<0.001, etable 2-

II in the supplement). LVEF was reduced in CKD patients (KTR 60.1±8.6 and NTWC 61.4±8.9 %) 

compared to HtC (66.1±5.9 %, p<0.001) but other diastolic indices were not significantly different 

between the three groups. 

During the 12-months study period, a total of 13 KTR subjects, 24 NTWC and 16 HtC 

participants were lost to follow-up (efigure 1 in the supplement). The major cardiovascular measures 

of VO2max, VO2AT, LVEF, LV mass index and E/mean e' at baseline between the two renal groups 

were not statistically different (etable 3 in the supplement).  

Cardiovascular functional and structural changes after kidney transplantation  
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Transplantation led to a restoration of eGFR in KTR patients at 2-months (55.3±17.0 ml/min/1.73m2) 

and 12-months (59.1±18.4 ml/min/1.73m2) compared to NTWC (baseline 8.9±4.8, 2-months 9.2±5.0 

and 12-months 9.1±4.3 ml/min/1.73m2 respectively, p<0.001). Phosphate concentration declined in 

the KTR group from baseline (1.7±0.5 mmol/L) to 2-months (0.9±0.2 mmol/L) and 12-months (0.9±0.2 

mmol/L) compared to NTWC (baseline: 1.5±0.4, 2-months: 1.5±0.4 and 12-months: 1.5±0.4 mmol/L 

respectively) (p<0.001). iPTH decreased in the KTR group from baseline (3.0±1.1 pmol/L) to 2-months 

(2.1±0.6 pmol/L) and 12-months (2.0±0.6 pmol/L) compared to NTWC (baseline: 3.0±1.2, 2-months: 

3.1±1.2, 12-months: 3.1±1.0, pmol/L, p<0.001). 

VO2max increased at 12-months in KTR patients (22.5±6.3, baseline 20.7±5.8, p<0.01) and 

compared to NTWC (17.7±4.1, ml min-1kg-1, p<0.001) in unadjusted models (table 2, figure 1). VO2AT 

improved at 12-months following transplantation (KTR 13.4±3.0, baseline 11.8±2.3, p<0.001 and vs 

NTWC 10.3±2.0 ml min-1kg-1, p<0.001). In adjusted models, both VO2max (p<0.0001) and VO2AT 

(p<0.0001) significantly increased at 12-months following transplantation compared to baseline 

consistent with unadjusted models (table 2, figure1, but improvements at 2-months were not 

statistically significant.  

We found that CPET-derived variables were sensitive enough to detect reductions in 

cardiovascular functional reserve in NTWC patients: An adjusted model (figure 2) identified a decline 

in cardiovascular function at 12-months in the NTWC group (VO2max -1.36 (-2.13 to -0.58 ml min-1kg-

1); VO2AT -1.02 (-1.34 to -0.70 ml min-1kg-1)) and an improvement after 12-months in the KTR group 

(VO2max 0.99(0.22 to 1.77 ml min-1kg-1); VO2AT 1.44(1.14 to 1.76 ml min-1kg-1)). However, 

cardiovascular functional reserve in KTR patients did not return to levels observed in hypertensive 

controls (figure 2). 

LVEF increased at 12-months in KTR patients compared to baseline (63.2±6.8 vs. 60.0±8.6 

%, p=0.02) and NTWC (59.3±7.6 %, p=0.003) in all analyses (table 2, efigure 2 in the supplement), 

but transplantation did not improve LVMI at any time point in the adjusted model (efigure 2 in the 

supplement). KTR patients demonstrated increased maximal workload (KTR 133.3±56.1 vs NTWC 
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103.6±31.3 Watt, p<0.001) and endurance time (KTR 11.2 [9.6, 12.7] vs NTWC 9.8 [8.8, 11.2] min, 

p<0.001) at 12-months.  

 

Associations with cardiovascular reserve following kidney transplantation  

In the KTR group, serum corrected calcium (correlation coefficient ρ=0.30, CI 0.06-0.50, p=0.01) and 

eGFR (ρ=0.25, 0.00-0.46, p=0.04) were significantly correlated with transplant-associated VO2max 

improvement (table 3). Furthermore, the improvement in VO2max at 12-months following 

transplantation was significantly correlated to the incremental 12-month change in the maximal 

workload (ρ=0.66, p<0.001).  

In contrast to transplant recipients, hemoglobin (ρ=0.52, 0.31-0.68, p<0.0001) and LVEF 

(ρ=0.31, 0.05-0.52, p=0.02) were significantly correlated with VO2max while LVMI (ρ=-0.37, -0.57- -

0.12, p=0.004) had significant negative correlation with change in VO2max at 12-months interval 

among the NTWC patients.  

At 2-months, systolic BP (SBP) and mean arterial pressure (MAP) were significantly higher in 

the KTR group than the NTWC cohort (SBP, p=0.01; MAP, p=0.03) (etable 4 in the supplement). 

However, these BP changes were not significantly different between the KTR and NTWC groups by 

12-months (SBP, p=0.26; MAP, p=0.56). Furthermore, changes in MAP from baseline to 12-months 

did not correlate with the changes in VO2max in all the three study groups as shown in table 3.  

 

DISCUSSION  

The study presented is the first to provide an integrated assessment of cardiovascular functional and 

morphologic changes in the CKD population before and after kidney transplantation. Kidney 

transplantation was associated with significant improvement in VO2max and VO2AT over 12-months 

after transplantation. This occurred with some improvement in LVEF but without any significant change 

in LVMI. This improvement in cardiovascular reserve was all the more meaningful when contrasted 
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against the inverse direction of change in advanced CKD patients that were not transplanted. Unlike 

the limited prognostic value of single surrogate parameters of most established clinico-pathologic 

factors (such as age, hypertension, LVMI, LVEF, etc.), measures of cardiovascular reserve have been 

shown to be both a strong independent predictor of survival in advanced CKD (before and following 

kidney transplant) and after adjusting for known comorbid factors7.  

Our results show that transplant-associated improvements over time in cardiovascular reserve 

indices (both VO2max and VO2AT) as well as O2 pulse (a measure of O2 consumption per heart beat) 

at maximal exercise, tolerated workload and endurance time were all significant compared to controls 

even after adjusting for age, BMI, gender, smoking, diabetes, CVD, duration of antihypertensive 

therapy, beta-blocker, hemoglobin and dialysis vintage. Although improvements in uremia and fluid 

overload were already notable at 2-months after transplantation, the improvement in VO2max was 

only evident 12-months post-transplant but did not improve to that observed in the non-CKD control 

group. This is consistent with the incomplete normalization of kidney function after transplantation, 

with the mean 12-month eGFR (59.118.4 ml/min/1.73m3) still consistent with CKD3. Taken together, 

these data suggest it takes several months for reversal of cardiovascular molecular and ultrastructural 

alterations that may be partially associated with uremia to reverse sufficiently to result in detectable 

cardiovascular functional improvement. 

Several uncontrolled prospective studies have evaluated pre- and post-renal transplant 

echocardiographic LV dimensions8,10,23. Ferreira et al. reported significant LVMI regression (but no 

change in LVEF) in 24 transplant recipients after 12-months8. In contrast, Huting reported no change 

in LVMI and significant increases in LVEF at a mean of 41-months after transplantation (n=24)10. In 

29 patients with a pre-transplant LVEF <50%, Melchor and colleagues reported increases in LVEF 1 

and 12-months after kidney transplantation23. These studies are limited by sample size, the lack of 

non-transplanted controls and the absence of data on the timing of echocardiography with dialysis10,23, 

given the potential for confounding by intravascular volume or dialysis-induced myocardial stunning19. 

A more recent study using volume-independent CMR failed to show significant change in LVMI and 

LVEF after transplantation11. Having controlled for dialysis related changes in volume and myocardial 
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contractility, we also found no significant differences in the time-course trend in LVMI and LV diastolic 

indices between transplanted and not transplanted advanced CKD groups.  

Despite unaltered LVMI, we found an improvement in LVEF in the transplanted group at 12-

months compared to the non-transplanted group. Taken together, the marked changes in measures 

of functional cardiovascular reserve and the subtle difference in LVEF in the absence of other 

significant structural echocardiographic changes reported here suggest that the reduction in 

cardiovascular mortality conferred by kidney transplantation may be explained by improved 

cardiovascular functional reserve5,7. Additionally, these results provide evidence that CPET-derived 

measures of cardiovascular functional reserve are more sensitive than LV geometric measures for 

detecting cardiovascular improvement or decline or for risk prediction in CKD patients with shifting 

GFR. Although the pathophysiology of cardiovascular disease in CKD is multi-factorial, measures of 

cardiovascular reserve obtained under incremental exercise load reflect overall circulatory health and 

the ability to respond to physiological and pathological cardio-circulatory stresses7,23.  

The observation that transplantation improves VO2max and also VO2AT is of considerable 

importance, as elucidation of the mechanism could implicate therapeutic targets for improving 

cardiovascular outcomes in CKD. Our finding of a correlation of eGFR with change in VO2max is not 

surprising since eGFR serves as a surrogate for uremia. However, the correlation between corrected 

calcium and change in VO2max is intriguing: perturbations in bone mineral metabolism are 

pathognomonic of uremia, and it is biologically plausible that calcium, which has a fundamental role 

in cardiomyocyte contractility and relaxation24, could influence myocardial function in uremia. 

Intracellular calcium in cardiomyocytes is regulated by the Na+/Ca2+ exchanger NCX. Emerging 

evidence suggests that NCX function is impaired in the context of uremia25. However, if plasma 

corrected calcium played a central role in determining VO2max, it might be expected that 

improvements in VO2max would be associated with changes in corrected calcium, but we did not 

observe significant changes in calcium after transplantation. Ionized calcium is a more reliable 

indicator of calcium metabolism but was not determined in our study. Further work is needed to 

examine the extent to which calcium, or modulators of calcium metabolism, are mechanistically 
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important; relevant factors may include vitamin D metabolites26, FGF-23 and Klotho27,28. The 

improvement in VO2max at 12-months following transplantation was significantly correlated to the 

incremental 12-months change in HRmax (correlation coefficient, ρ=0.37, p=0.002) and HRmax%pred 

(ρ=0.36, p=0.003) albeit a moderate correlation (table 3). This suggests that partial reversal of the 

blunted heart rate response to maximal exercise in advanced CKD20 at 12-months post-transplantation 

is associated with improvement in functional cardiovascular reserve.  

While direct measurement of skeletal muscle strength was not performed in this study, we 

utilized the measures of VO2AT and maximal workload as indicators of greater skeletal muscle 

oxidative capacity and thus function. A curvilinear relationship exists between blood lactate values 

during exercise and endurance exercise performance velocity, leading to the concept that the rate of 

aerobic metabolism during skeletal muscle function can be accurately described by lactate production 

as reflected by VO2AT29. We found that both VO2AT and maximal workload improved following kidney 

transplantation at 12-months and this suggests improved skeletal muscle function, however further 

studies are needed to assess this. In a prior study, we demonstrated  parallel improvements in the 

isometric quadriceps strength and exercise cardiovascular reserve without significant changes in 

resting echocardiographic cardiac morphologies, following 10-weeks of exercise training among 

dialysis patients in a randomized, assessor-blinded, controlled study.30 These results reflect the 

complex and intricate relationship between cardiovascular and skeletal health.  

In contrast to KTR patients, the continued decline in VO2max in NTWC patients was 

significantly correlated with hemoglobin and LVEF and inversely correlated with LVMI. Other likely 

contributors include myocardial maladaptation through fibrosis, hypertrophy and capillary rarefaction 

known to occur in uremia, fluid shifts and myocardial stunning on dialysis, and circulating factors 

pathognomonic of uremia including FGF-23, klotho and others.  

Our study has several notable strengths. It is considerably larger than previous studies 

reporting echocardiographic changes and is the first prospective longitudinal controlled study to 

evaluate functional reserve using CPET, to standardize the timing of evaluations in relation to dialysis 

to control for volume status and myocardial contractility10,23, and to include non-transplanted and non-
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CKD hypertensive control groups. However, our findings should be interpreted against the limitations 

of our study: randomization is not possible in this setting, and there were significant baseline 

differences in known predictors of CV risk including age, weight and blood pressure, although we 

adjusted for these factors in multivariate analyses. Second, CMR may be a more sensitive method to 

assess structural cardiac changes compared to echocardiography, and it is possible that the use of 

echocardiography in our study may have under-estimated post transplantation structural changes. 

Additionally, noninvasive measures of cardiac output were not assessed in this study but evaluation 

of these during CPET in future studies may provide further insight into physiological changes that 

occur before and after kidney transplantation. A limitation of CPET technology is that it inherently 

selects for patients who retain some functional ability to exercise. However, this is partially 

circumvented by the assessment of submaximal indices such as VO2AT that provide several 

advantages, including ease of ascertainment during low-level exercise, relevance to ability to perform 

activities of daily living as well as independence from volitional exercise effort. In the present study, 

although no patients underwent reversal of arteriovenous (AV) fistula, the impact of AV fistula or its 

closure on cardiac volumes may influence CPET measurements and this would need to be assessed 

during future studies. 

In conclusion, our study showed that partial restoration of kidney function by transplantation 

significantly improved cardiovascular functional reserve as assessed by CPET without major change 

in ventricular structural morphology. CPET-derived indices were also sensitive enough to detect a 

decline in cardiovascular functional reserve in non-transplanted waitlisted CKD patients. The study 

provides critical insight on cardiovascular structural-functional dynamics and the effect of kidney 

function restoration on cardiovascular physiology. The data presented indicates that VO2max is a 

sensitive index for assessing cardiovascular function and stratifying risk in patients with renal 

impairment. 
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Figure Legends 

 

Figure 1: Changes in functional cardiovascular measures before and after kidney transplantation 

(adjusted). Changes in VO2max and VO2AT over time at baseline (before transplant), 2-months and 

12-months follow-up (A, C, unadjusted comparison; B, D, adjusted for age, BMI, gender, smoking, 

diabetes, cardiovascular disease, duration of antihypertensive therapy, beta-blocker, hemoglobin and 

dialysis duration. †p-value for comparison between 2 groups at each respective time point. *p-value 

for comparison between 2 groups for changes over time.   

Figure 2: Changes in functional and structural cardiovascular measures before and after kidney 

transplantation.  Data are presented as means with 95% confidence interval limits by group. Changes 

in VO2max, VO2AT, LV mass index and LV ejection fraction from baseline (before transplant) to 12-

months follow-up, adjusted for age, BMI, gender, smoking, diabetes, cardiovascular  disease, duration 

of antihypertensive therapy, β-blocker, hemoglobin and dialysis duration. P-value for comparison 

between 3 groups at 1-year follow-up with time x group interaction using ANOVA. 
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