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Abstract
Patients with end-stage kidney disease (ESKD) are often sedentary and decreased functional capacity associates with mortal-
ity. The relationship between cardiovascular disease (CVD) and physical function has not been fully explored. Understand-
ing the relationships between prognostically relevant measures of CVD and physical function may offer insight into how 
exercise interventions might target specific elements of CVD. 130 patients on haemodialysis (mean age 57 ± 15 years, 73% 
male, dialysis vintage 1.3 years (0.5, 3.4), recruited to the CYCLE-HD trial (ISRCTN11299707), underwent cardiovascular 
phenotyping with cardiac MRI (left ventricular (LV) structure and function, pulse wave velocity (PWV) and native T1 map-
ping) and cardiac biomarker assessment. Participants completed the incremental shuttle walk test (ISWT) and sit-to-stand 
60 (STS60) as field-tests of physical function. Linear regression models identified CV determinants of physical function 
measures, adjusted for age, gender, BMI, diabetes, ethnicity and systolic blood pressure. Troponin I, PWV and global native 
T1 were univariate determinants of ISWT and STS60 performance. NT pro-BNP was a univariate determinant of ISWT 
performance. In multivariate models, NT pro-BNP and global native T1 were independent determinants of ISWT and STS60 
performance. LV ejection fraction was an independent determinant of ISWT distance. However, age and diabetes had the 
strongest relationships with physical function. In conclusion, NT pro-BNP, global native T1 and LV ejection fraction were 
independent CV determinants of physical function. However, age and diabetes had the greatest independent influence. Tar-
geting diabetic care may ameliorate deconditioning in these patients and a multimorbidity approach should be considered 
when developing exercise interventions.
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ESKD  End-stage kidney disease
hsTnI  High-sensitivity troponin I
ISWT  Incremental shuttle walk test
LV  Left ventricle
LV ejection fraction  Left ventricular ejection fraction
LVH  Left ventricular hypertrophy
LVMi  Left ventricular mass index
MOLLI  Modified look-locker inversion 

recover
NT-proBNP  N-Terminal Pro-BNP
PMV  Pulse wave velocity
STS60  Sit-to-stand 60

Introduction

Chronic kidney disease (CKD) is associated with progres-
sive decline in exercise capacity and ability to perform activ-
ities of daily living, with patients on haemodialysis amongst 
the most sedentary of all patient groups [1]. The reasons for 
this functional decline are complex but related to: reduced 
cardiorespiratory fitness, declining levels of self-efficacy, 
muscle wasting and an increasing symptom burden, lead-
ing to a deconditioning spiral which exacerbates sedentary 
behaviour [1]. The enforced sedentary time during haemo-
dialysis itself is also important to note. Studies suggest that 
not only do objective measures of physical function predict 
mortality and cardiovascular (CV) events for this patient 
group, but there is now evidence to suggest that interven-
tions which improve physical performance also improve 
clinical outcomes, including mortality [2, 3].

It is well documented that patients with end-stage kid-
ney disease (ESKD) have significantly elevated CV risk [4]. 
This excess CV risk is related to pathological, stereotyped 
changes in CV structure and function, including left ven-
tricular hypertrophy (LVH), left ventricle (LV) dilatation, 
myocardial fibrosis and aortic stiffness. Collectively termed 
uraemic cardiomyopathy (UC) [5], these maladaptations link 
closely to mortality [6, 7]. Multiparametric cardiovascular 
magnetic resonance imaging (CMR) can comprehensively 
phenotype prognostically relevant pathological aspects of 
UC with excellent reproducibility [6, 8, 9].

The relationships between prognostically significant 
measures of CV disease (CVD) and physical function in 
patients with ESKD have not been fully explored. Estab-
lishing the CV determinants of physical functioning would 
offer insight into how exercise interventions may improve 
CV outcomes for these patients. This could guide develop-
ment of studies seeking to mitigate CV risk through lifestyle 
interventions.

This study investigated the relationship between prog-
nostically relevant measures of CV structure and function, 
assessed with CMR and cardiac biomarkers, and objective 

measures of physical function in patients on haemodialy-
sis. These data will offer valuable insight into the relation-
ships between core outcome measures for haemodialysis 
patients, as identified by the SONG-HD initiative [10].

Methods

The data from this study is taken from the baseline CMR 
scans and associated clinical, biochemical and physical 
functioning data of the 130 patients on haemodialysis 
recruited to the CYCLE-HD trial (ISRCTN11299707). 
This was a randomised controlled trial investigating the 
impact of six months of intradialytic cycling on CV struc-
ture and function, assessed by CMR, in patients on main-
tenance haemodialysis. Inclusion and exclusion criteria 
were as previously described [11]. Prevalent haemodialy-
sis patients over the age of 18 were included whilst those 
unfit to undertake exercise according to the American Col-
lege of Sports Medicine Guidelines or undergo MRI scan-
ning were excluded. The study was given ethical approval 
by the NHS Research Ethics Committee East Midlands 
(Northampton; REC ref: 14/EM/1190). All data included 
for analysis were collected prospectively, entered into an 
electronic case report form and were analysed at the Rob-
ertson Centre for Biostatistics, University of Glasgow, 
United Kingdom. The trial sponsor was the University of 
Leicester.

Physical function assessments

The incremental shuttle walk test (ISWT) is highly corre-
lated with V ̇O2 peak, which is the gold-standard measure of 
aerobic capacity and associated with mortality in the haemo-
dialysis population [12]. The ISWT also has excellent test-
retest reliability in CKD populations [13]. The sit-to-stand 
60 (STS60) assesses lower-extremity strength and endur-
ance. Declining estimated glomerular filtration rate (eGFR) 
correlates well with declining performance in this physical 
function test [14], and has proven reliability in patients with 
CKD [13].

Field-tests of physical function were completed on non-
dialysis days and not after the long-break. Trained research 
staff performed all assessments following standard operat-
ing procedures. For the ISWT, participants walked between 
two cones placed nine metres apart and walking speed was 
guided by a recorded bleep sound [13]. The STS60 was 
assessed by asking participants to stand up from a chair as 
many times as possible in 60 s [13]. Familiarisation tests 
were performed prior to the main protocol to account for any 
learning effect. Adequate break was given between each test.
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Cardiovascular phenotyping

All subjects underwent comprehensive cardiovascular phe-
notyping with a CMR scan and blood tests for circulating 
markers of cardiovascular disease. Left ventricular mass 
index (LVMi); LV ejection fraction [15]; LV mass:volume 
ratio; global native T1 (measure of myocardial fibrosis); 
pulse wave velocity (PWV); and global longitudinal strain 
(GLS) were acquired with CMR and high-sensitivity tro-
ponin I (hsTnI) and N-Terminal Pro-BNP (NT-proBNP) 
were assessed from plasma.

CMR imaging protocol

Complete LV and aortic functional analysis was under-
taken on a 3T CMR platform (Skyra, Siemens Medical 
Imaging, Erlangen, Germany) with an 18-channel phased-
array receiver coil. To standardise participants’ volume 
status at time of assessment, scans were conducted on a 
non-dialysis day, but not after the long-break. The CMR 
protocols for acquiring LV cine imaging, native T1 maps, 
and PWV conformed to internationally recognized stand-
ards [9, 16]. Short-axis cine images covering the LV 
were taken at 8-mm slice thickness, no gap, field of view 
28 × 30 cm, matrix 208 × 256, repetition time 2.9 ms, echo 
time 1.2 ms, flip angle 64°−79°, temporal resolution < 50 
ms, 80% phase, with 30 phases per cardiac cycle, in-plane 
image resolution 1.1 × 1.5 mm to 1.3 × 1.7 mm [9]. Mid-
ventricular native T1 maps of the LV were acquired using 
the modified look-locker inversion recovery (MOLLI) 
sequence [16], with 3(3)3(3)5 sampling pattern and the 
following parameters: slice thickness 8.0 mm, field of 
view 300 × 400 mm, flip angle 50°, minimum TI 120 ms, 
inversion-time increment 80 ms. For acquisition of PWV, 
gradient echo and high temporal resolution, through-
plane phase contrast cines were acquired perpendicular 
to the ascending and descending aorta at the level of the 
pulmonary artery bifurcation, permitting calculation of 
transit time for PWV, as previously described [9]. Sag-
ittal-oblique cines of the ascending and descending aorta 
were captured for distance measurement [17]. Examples of 
images acquired for analysis are shown in Fig. 1.

CMR image analysis

Scans were analysed offline by a single blinded observer 
(MGB). LV structural and functional analysis, native T1 
maps and GLS were analysed using the software pack-
age  CMR42 (Circle Cardiovascular Imaging, Calgary, 
AB, Canada), as previously described [8, 18]. PWV 

was analysed using Java Image Manipulation version 6 
(Xinapse Systems, Essex, UK) [17].

LV volumes, function, parametric mapping and strain analy‑
sis LV volumes and mass were quantified with epicardial 
and endocardial short axis cines at end-diastole and end-
systole. LV mass was indexed to body surface area. For T1 
mapping, endocardial and epicardial borders were drawn on 
basal and mid-ventricular T1 parametric maps. The anterior 
right ventricular insertion point was defined to automati-
cally divide the basal-ventricular and mid-ventricular slices. 
After removal of segments affected by artefact, an average 
T1 time for the whole of the myocardium was calculated 
from the mean of remaining segments. The average native 
T1 time for healthy control subjects on this scanner and ana-
lysed in this way is 1204 ± 38 ms. Tissue tracking analysis 
was used to define strain parameters. Global longitudinal 
strain was assessed by drawing endo- and epicardial con-
tours on LV long-axis cines in end-diastole and defining the 
LV base and apex.

PWV Every ninth slice of the ascending and descend-
ing aorta was manually contoured and propagated using a 
gradient echo cine. Contours were mapped onto the phase-
contrast cine, allowing the temporal shift to be determined. 
The cut made to define the axial slice for the phase-contrast 
sequences was superimposed on the sagittal–oblique cine 
and the average distance measured around the aortic arch. 
aPWV was calculated as described in Fig. 1.

Blood sampling and routine clinical information

Blood samples were collected from the arterial needle before 
dialysis (but not following the long-break); 9.8 ml of blood 
was collected into two S-Monovette  K3 Serum-Gel treated 
tubes (Sarstedt Monovette, Sarstedt AG & Co, Nümbrecht, 
Germany) to be centrifugated at 2500 × g for 15 min 20 °C. 
The serum was pipetted into 2 ml polypropylene micro tubes 
(Sarstedt Monovette, Sarstedt AG & Co, Nümbrecht, Ger-
many) before being stored at – 80 °C for later analysis. Anal-
ysis of hsTnI and NT-proBNP were completed in triplicate 
as per the manufacturer’s instructions (hsTnI, STAT high 
sensitive troponin-I, Architect, Abbott Diagnostics, USA; 
NTPro-BNP, Elecsys proBNP II, Cobas, ROCHE, USA).

Routine clinical information was extracted from medical 
records. Routine biochemical and haematological data were 
collected prospectively as well as full past medical history.

Statistical analysis

Statistical analysis was undertaken using R version 3.4.1 to 
fit both the univariate and multi-variable linear regression 
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models. Normally distributed data are expressed as mean 
± standard deviation and non-normally distributed data 
are expressed as median (interquartile range), with a log-
transformation being applied for subsequent inclusion as 
an outcome in analysis. Comparisons between subgroups 
were made using independent t-tests for normally distributed 
data and Mann U Whitney tests for non-normally distributed 
data. Pearson correlations were used for correlations of nor-
mally distributed data and Spearman correlation coefficients 
for non-normally distributed data.

Sixteen separate multivariate linear regression models 
were tested with each physical function test (ISWT and 
STS60) as the dependent variable and each biomarker of CV 
health as the independent variable. Models were adjusted for 
the following pre-determined variables known to influence 
performance in physical function tests: age [19, 20], body 
mass index (BMI) [20, 21], gender [20, 21], presence of 
diabetes mellitus [19], ethnicity and systolic blood pressure 
(SBP) based on pre-existing literature and biological plau-
sibility. Independent variables were limited in each model 

to avoid overfitting. For multivariate analysis, data was 
analysed listwise and no data imputations were performed, 
hence numbers were lower than the total participants who 
completed each field-test. In addition to unstandardized beta 
coefficients, standardized beta coefficients are presented in 
supplementary data so the impact of variables in each mul-
tivariate regression model can be compared.

Results

Baseline patient demographics, CMR variables, circulating 
markers of CVD and completeness of datasets are shown in 
Table 1. Of the 130 participants in the baseline CYCLE-HD 
cohort, mean age was 57 years (± 15), 73% were male and 
median dialysis vintage was 1.3 years (0.5, 3.4). A large pro-
portion of patients had a background of hypertension (67%) 
and diabetes (38%). Subgroup comparisons of field test per-
formance and CV biomarker averages are in Supplementary 
data, Appendix 1.

Fig. 1  Assessment of pulse wave velocity using two-dimensional 
phase-contrast CMR. For the PWV calculation, axial aortic contours 
were mapped onto phase–contrast cines (a), allowing the waveform 
transit time to be calculated from flow curves of the ascending and 
descending aorta (b). Distance was measured using a sagittal–oblique 
cine. Outer and inner borders of the aortic arch were manually drawn 

and the mean distance of these two borders was calculated (mm) (c). 
LV mass and volumes measured from a contiguous short-axis stack 
of cine images planned from long-axis view with endo and epicardial 
contours drawn at end-diastole and end-systole (d). Native T1 map-
ping of a short-axis ventricular slice of the left ventricle for assess-
ment of myocardial fibrosis (e)
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Univariate associations of CV health with physical 
performance

Results of the univariate analyses between biomarkers of 
CV health and the ISWT and STS60 are shown in Table 2. 
Correlations between NT pro-BNP, LV ejection fraction, LV 
mass index and global native T1 are demonstrated in Sup-
plementary data, Appendix 2.

ISWT

On univariate analyses, troponin, NT pro-BNP, PWV and 
global native T1 were each associated with performance in 
the ISWT (all p < 0.05). There was some evidence of an 
association between left ventricular ejection fraction and 
ISWT, though not to the defined level of statistical signifi-
cance (p = 0.06).

STS60

Troponin, PWV and global native T1 were significant uni-
variate associations with STS60 performance (all p < 0.05). 
There was some evidence of an association between NT-
pro-BNP and the STS60, though not to the defined level of 
statistical significance (p = 0.06).

Independent determinants of physical performance

The results of the regressions, adjusted for predetermined 
variables, between physical function tests and biomarkers 
of CV health are shown in Table 2. Full regression models 
showing the impact of age, gender, BMI, diabetes, ethnicity 
and SBP are presented in Supplementary data, Appendix 3.

ISWT

NT pro-BNP, LV ejection fraction, and global native T1 
were independent CV determinants of ISWT performance, 
when adjusted for age, diabetes, gender, BMI, ethnicity and 
SBP (Table 2). For every 100 ng/L decrease in NT pro-BNP, 
participants walked 5 m more. A 10% increase in LV ejec-
tion fraction translated to a further 3 m walked in the ISWT. 
For every 10 ms decrease in global native T1, participants 
were able to walk 8 m more in the field test.

Increasing age, female gender and having diabetes were 
consistently, significantly associated with worse perfor-
mance in the ISWT (Appendix 3). Participants with diabetes 
walked 74–95 m less than those without diabetes.

STS60

NT pro-BNP and global native T1 remained independent 
determinants of STS60 performance after adjustment in the 

Table 1  Demographic and baseline data of the CYCLE-HD cohort

[Nmiss] number of missing data values. Normally distributed data 
presented as mean ± SD, non-normally distributed data presented as 
median (25th, 75th percentile). LV indices indexed to body surface 
area
BAME Black, Asian and minority ethnic, SBP systolic blood pressure, 
DBP diastolic blood pressure, CRP C-reactive protein, BMI body 
mass index, LV left ventricle, LVMi left ventricular mass index, PWV 
pulse wave velocity
a The missing data for the physical function tests limited the numbers 
that could be included in univariate and multivariate regression mod-
els.

Baseline data of CYCLE-
HD cohort n = 130 
 [Nmiss]

Age (years) 57.2 ± 15
Male, n (%) 95 (73%)
Ethnicity, n (%)
 White 58 (45%)
 BAME 72 (55%)

SBP (mmHg) 143 ± 22
DBP (mmHg) 76 ± 14
Dialysis vintage (years) 1.3 (0.5, 3.4)
Haemoglobin (g/L) 111 ± 17
Albumin (g/L) 36.9 ± 5
CRP (mg/L) 14.0 (8, 34)
Total Cholesterol (mmol/L) 4.0 ± 1.4 [28]
Triglycerides (mmol/L) 1.93 ± 1.39 [47]
HbA1c (%) 5.7 (5, 7) [38]
BMI (kg/m2) 27 (23, 31)
Co-morbidities
 Ischaemic heart disease, n (%) 16 (12%) [1]
 Hypertension, n (%) 86 (67%) [1]
 Diabetes mellitus, n (%) 49 (38%) [1]
 Atrial Fibrillation, n (%) 5 (4%) [1]
 Previous renal transplant, n (%) 20 (15%)

CMR measures of cardiovascular disease
 LVMi (g/m2) 60 (50, 76)
 LV ejection fraction (%) 53.6 ± 10
 LV mass/LV end-diastolic volume (g/

mL)
0.73 ± 0.2

 Global Native T1 (ms) 1273.6 ± 40.8 [6]
 Global longitudinal strain (%) − 13.2 ± 3.3
 PWV (m/s) 8.2 (6, 11) [13]

Humoral markers of cardiovascular 
disease

 NT pro-BNP (pg/ml) 2693 (1136, 10121) [10]
 Troponin I (ng/L) 10.1 (6, 17) [6]

Baseline physical performance in field 
tests

 ISWT (m) 220 (140, 360)  [16]a

 STS60 (reps) 16.1 ± 11.5  [13]a
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multivariate models (Table 2). For every 100 ng/L decrease 
in NT pro-BNP, participants were able to do 75 more stands 
in the STS60. A 10 ms reduction in global native T1 associ-
ated with 167 more stands.

Of the adjusting variables, age and diabetes were signifi-
cantly associated with STS60 performance (Appendix 3). 
Presence of diabetes was associated with four to six fewer 
stands in 60 s than those without diabetes.

Discussion

This is the first study to describe the relationships between 
prognostically relevant measures of CVD and physical func-
tion a in a well-phenotyped cohort of patients with ESKD 
receiving maintenance haemodialysis. Multiple CV bio-
markers were significant univariate determinants of physi-
cal function. After adjustment, reduced global native T1, 
reduced NT pro-BNP and increased LV ejection fraction 
independently associated with better performance in physi-
cal function tests. Age and presence of diabetes had the 
strongest influence in the multivariate regression models. 
Consistent with previous literature, female gender was inde-
pendently associated with worse ISWT performance [1, 21].

Cardiovascular determinants of the ISWT

Limited exercise tolerance, as measured by the ISWT in this 
study, is a cardinal manifestation of CVD. On average, our 
cohort walked 220 m in the ISWT; this is considerably less 
than reference values for this age group in a healthy popu-
lation (810 m) [21], but similar to values documented in 
other patients on haemodialysis [22]. The univariate asso-
ciations between ISWT and cardiovascular phenotype are 
all biologically plausible: Poor LV contraction (LV ejection 
fraction), myocardial ischaemia, fibrosis and aortic stiff-
ness (troponin I, NT pro-BNP, global native T1 and PWV, 
respectively) would all be expected to associate with blunted 
aerobic capacity. After adjusting for factors known to limit 
exercise tolerance, global native T1, NT pro-BNP and LV 
ejection fraction remained significant determinants of func-
tional capacity.

In our population, higher LV ejection fraction indepen-
dently associated with distance walked, despite the average 
LV ejection fraction being only at the lower end of normal. 
This could be attributed to the spread of values and could 
explain why the relationship is not particularly influential. If 
our population included more people with very low ejection 
fractions, the relationship may have been stronger. There 
have been no previous studies exploring the association 
between LV ejection fraction and ISWT performance in this 

Table 2  Univariate and multivariate linear regression models to assess cardiovascular determinants of performance in physical function tests

The reference category for gender is ‘male’, for history of diabetes is ‘no’ and for ethnicity is ‘white’
BMI body mass index, LVMi left ventricular mass index, LV left ventricle, PWV pulse wave velocity, ISWT incremental shuttle walk test, STS60 
sit-to-stand 60
a adjusted for age, gender, BMI, diabetic status, ethnicity and systolic blood pressure
b Log transformed data. B = unstandardized beta coefficient; SE = standard error of the mean

Variable Outcome Univariate model Multivariate  modela

Participants B (SE) P Value Participants B (SE) P Value R2

Troponin I (ng/L)b ISWT 111 − 39.84 (13.2) < 0.01 110 − 16.80 (12.0) 0.17 0.38
STS60 113 − 1.87 (0.9) 0.03 112 − 0.23 (0.8) 0.78 0.33

NT pro-BNP (pg/ml) b ISWT 108 − 22.83 (10.0) 0.02 107 − 20.33 (8.9) 0.02 0.39
STS60 110 − 1.24 (0.7) 0.06 109 − 1.34 (0.6) 0.03 0.35

LVMi (g/m2) ISWT 114 0.86 (0.8) 0.28 113 − 0.31 (0.7) 0.67 0.39
STS60 117 0.04 (0.1) 0.46 116 − 0.03 (0.05) 0.52 0.34

LV ejection fraction (%) ISWT 114 3.18 (1.6) 0.06 113 3.74 (1.4) 0.01 0.43
STS60 117 0.15 (0.1) 0.16 116 0.14 (0.1) 0.15 0.35

PWV (m/s) ISWT 103 − 9.72 (3.2) < 0.01 102 − 1.10 (3.2) 0.74 0.39
STS60 106 − 0.47 (0.2) 0.04 105 0.11 (0.2) 0.64 0.33

LV mass:volume (g/mL) ISWT 114 − 50.70 (99.7) 0.61 113 − 46.93 (82.9) 0.57 0.39
STS60 117 − 1.27 (6.6) 0.85 116 − 0.45 (5.7) 0.94 0.33

Global Native T1 (ms) ISWT 109 − 1.45 (0.4) < 0.01 108 − 1.29 (0.3) < 0.01 0.48
STS60 112 − 0.07 (0.03) 0.01 111 − 0.06 (0.02) 0.02 0.36

Global longitudinal strain (%) ISWT 114 − 8.20 (5.0) 0.10 116 − 7.97 (4.3) 0.07 0.41
STS60 117 − 0.48 (0.3) 0.13 112 − 0.27 (0.3) 0.34 0.34
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population. The relationship between LV ejection fraction at 
rest and V ̇O2 peak have been shown to be insignificant [23], 
with changes in ejection fraction during exercise playing 
larger roles [24]. However, these studies were in different 
populations and used echocardiography to measure ejection 
fraction.

NT pro-BNP is released in relation to atrial and ventricu-
lar dilatation and myocardial wall stress. It is an established 
prognostic marker in heart failure. Few studies have explored 
the relationship between BNP and the ISWT, with mixed 
results [25, 26]. However, NT pro-BNP is a consistent deter-
minant of V ̇O2 peak across populations of people with car-
diovascular disease and can reduce following programmes of 
exercise [27]. Our findings support the use of NT pro-BNP 
as an indicator of functional aerobic capacity and suggest 
it could be a quantifiable marker when targeting exercise 
interventions in patients with ESKD.

Our study showed a statistically significant independent 
association between native T1 times, a measure of myocar-
dial fibrosis, and metres walked in the ISWT [16]. This is 
the first study to examine the relationship between global 
native T1 values and performance in physical function tests. 
Ventricular fibrosis, measured by late gadolinium enhance-
ment, has been correlated with reduced VȮ2 peak in patients 
with cardiovascular disease [28]. The only study to this point 
to look at the relationship between T1 values and V ̇O2 peak 
found no significant association [29], although this was in 
children. The caveat is that histological confirmation that T1 
values consistently represent interstitial fibrosis in haemo-
dialysis patients is still lacking. T1 values can also be raised 
in oedema, amyloid deposition and inflammation [30]. Nev-
ertheless, raised native T1 times indicate significant myo-
cardial tissue abnormality and the independent association 
with ISWT is an interesting, hypothesis generating finding.

Cardiovascular determinants of the STS60

A large population-based study found healthy participants 
aged 55–59 years could do 36 (females) to 41 (males) repeti-
tions of the STS60, a measure of lower extremity strength 
and endurance [20]. Our cohort’s average was 16 repetitions. 
This is comparable to data which compared CKD and ESKD 
patients matched for age, gender, diabetic status, and dialysis 
vintage [31]. In our study, troponin I, PWV, global native T1 
were all univariate associations with the STS60, whilst NT 
pro-BNP was close to significance. In the adjusted models, 
NT-pro-BNP and global native T1 were independent deter-
minants of STS60 performance.

There have been no previous studies which have investi-
gated the association between NT-pro-BNP and the STS60 
test. An inverse relationship between BNP and muscle mass 
has been demonstrated in haemodialysis patients [32]. It is 
possible this reflects sarcopenia and weakness consequent 

to chronic cardiac stress, however these findings have been 
upheld even after adjusting for cardiac function [32]. Fur-
thermore, metabolic diseases including obesity and insulin 
resistance have been associated with decreased production of 
BNP which could be applicable to our population [33]. The 
long-term effects of exercise training on natriuretic peptides 
in ESKD populations needs further study.

We found that native T1 values decreased with increasing 
numbers of sit-to-stands in our ESKD population. There are 
no previous studies investigating global native T1 and STS60 
or with other measures such as leg strength. However, in line 
with our findings, T1 values in the myocardium of endur-
ance athletes are lower than in controls [34]. The ability to 
perform the STS60 is multifactorial. Our participants who 
performed well at the STS60 had lower T1 values; whether 
this is due to less myocardial fibrosis is far from certain and 
any implications of causality needs investigation. Animal 
models provide early evidence for the role of microRNAs 
as a causative factor driving myocardial fibrosis and cardiac 
remodelling through skeletal muscle-heart crosstalk [35], 
but these results are hypothesis generating.

Diabetes and physical functioning

Participant age and presence of diabetes consistently had 
the greatest impact on the multivariate regression mod-
els. Those with diabetes performed significantly worse in 
physical function tests, in line with previous evidence [19]. 
Cardiovascular disease is the leading cause of mortality in 
patients with diabetes [36]. This is not solely explained by 
obesity and a sedentary lifestyle. Patients with T2DM have 
decreased V ̇O2 peak compared to similarly obese and sed-
entary individuals without diabetes [37]. The phenotypic 
characteristics around exercise impairment in diabetes have 
been well-explored and include insulin resistance, endothe-
lial dysfunction and impaired mitochondrial function [38]. 
Unsurprisingly, CV function is affected early in the disease 
process, with increased native T1 values before the onset of 
overt ‘diabetic cardiomyopathy’ [39]. Limitations in skel-
etal muscle due to insulin resistance also factor and lead to 
functional impairment through sarcopenia. These issues con-
tribute to the overall syndrome of physical deconditioning 
and accelerated metabolic ageing, and dramatically increase 
the likelihood of lower physical functioning and frailty [38]. 
Furthermore, the burden of frailty within the diabetic popu-
lation is strongly associated with mortality [40].

It is unclear whether the pathophysiological dysfunction 
leading to poor physical functioning in diabetes is revers-
ible. Interventions such as exercise training and improved 
glycaemic control can ameliorate subclinical cardiac dys-
function and may be a potential intervention in improv-
ing aerobic fitness in this population [41, 42]. The impact 
of diabetic status on physical functioning in our patients 
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emphasises a pressing need to improve management of dia-
betes for patients on haemodialysis. By nature of having 
progressed to ESKD, the patients with diabetes in our study 
are likely to have profound organ damage elsewhere, such 
as the heart, brain and muscles, and considerable levels of 
frailty. It is well established that these patients have a high 
multimorbidity burden, associated with functional decline 
and increased mortality. To date, evidence exploring a mul-
timorbidity approach to improve patient outcomes has been 
limited and interventions have focussed on single conditions. 
A Cochrane review suggested that designing interventions 
that target difficulties with functioning may be an effective 
multimorbidity approach [43]. A logical development would 
be to factor in multimorbidity when designing and delivering 
exercise interventions in patients with kidney disease.

Strengths and limitations

Our study aimed to capture a holistic view of physical per-
formance, by including tests measuring aerobic capacity and 
lower-extremity strength. In addition, the use of CMR and 
other biomarkers offers extensive CV phenotyping in this 
population. Our cohort are representative of a maintenance 
haemodialysis patient population in the United Kingdom, 
although females are relatively underrepresented. Field-
based physical performance measures are considered a sur-
rogate for ‘gold-standard’ laboratory-based measurements 
of physiological impairment (such as V ̇O2 peak). However, 
field-based tests can give more information about ability to 
perform activities of daily living and therefore may be more 
important to the patient. Some studies have found variables 
such as leg strength and lung function to be associated with 
physical performance, but such variables were not collected 
in the original cohort and therefore could not be included.

There was no significant relationship found between GLS 
and physical function which was somewhat surprising. This 
may be because of an inherent limitation in the assessment 
of strain parameters in patients prone to changes in cardiac 
loading from alterations in systemic volume status. Although 
efforts were made to ensure patients were scanned at a stand-
ardised time on the day after a dialysis session the natural 
variation in volume status is this population is likely to con-
found strain measures and may limit the use of this technique 
in this population. Although, there are no empirical data to 
support or refute this hypothesis. In addition, whilst all our 
findings are biologically plausible, the cross-sectional design 
means they cannot imply causality or temporal sequence. 
The SONG-HD initiative emphasised how patients on hae-
modialysis prioritise interventions that improve lifestyle 
outcomes, such as mobility and energy, although these are 
rarely reported as primary outcomes in HD trials [10]. By 
focussing on physical functioning, we aimed to investigate 

an outcome that could perceptibly affect a person’s quality 
of life, in line with the recommendations from this initiative.

Conclusion

Our study demonstrated that in patients on haemodialysis, 
native T1 and NT pro-BNP are independent CV determi-
nants of performance in the ISWT and STS60. In addition, 
LV ejection fraction also significantly determines ISWT 
performance. Our data enables better understanding of the 
mechanisms behind the observed CV changes in exercise 
interventions and could strengthen future work aiming to 
target core lifestyle outcomes. Furthermore, whilst it is well 
known that improving physical function improves CV risk, 
we have been able to pinpoint independent CV biomarkers in 
that relationship, which may be amenable to improvement. 
The resounding impact of diabetes on physical functioning 
in these patients underscores the consequences of metabolic 
ageing and physical deconditioning. Improving strategies for 
prevention and management of diabetes may ameliorate the 
‘deconditioning spiral’ in these patients. This not only has 
potential to improve the multimorbidity burden associated 
with diabetes in ESKD, but importantly, to target lifestyle 
and physical functioning in these patients.

Acknowledgements This study is part of the research portfolio sup-
ported by the NIHR Leicester Biomedical Research Centre and the 
Leicester Clinical Research Facility based at the University Hospitals 
of Leicester and the University of Leicester.

Authors contribution SFA—Data collection, analysis, manuscript 
draft, figure preparation, final preparation. REB, GSG—Manuscript 
revision. DSM, HMLY, PH, DCC, AC, CLT—Data collection, manu-
script revision. RY—Statistical analysis, manuscript review. GPM, 
JOB—Study conception, oversight of data collection, manuscript revi-
sion. MPMGB—Study conception, data collection, manuscript revi-
sion, figure preparation, final approval of manuscript. All authors read 
and approved the final manuscript.

Funding This study is independent research arising from a Clinician 
Scientist Award (to J.B., CS2013-13-014) supported by the National 
Institute for Health Research (NIHR). Dr Matthew P.M Graham‐Brown 
is funded by a NIHR Clinical Lectureship award. The views expressed 
are those of the authors and not necessarily those of the NHS, the 
NIHR or the Department of Health and Social Care.

Data availability The data underlying this article will be shared on 
reasonable request to the corresponding author.

Compliance with ethical standards 

Conflict of interest No conflicts of interest to declare. The results pre-
sented in this paper have not been published previously in whole or 
part, except in abstract form.



1413The International Journal of Cardiovascular Imaging (2021) 37:1405–1414 

1 3

Ethics approval The study was given ethical approval by the NHS 
Research Ethics Committee East Midlands (Northampton; REC ref: 
14/EM/1190).

Informed consent Informed consent was obtained from all individual 
participants included in the study.

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://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Wilkinson TJ, Clarke AL, Nixon DG, et al (2019) Prevalence and 
correlates of physical activity across kidney disease stages: an 
observational multicentre study. Nephrol Dial Transpl

 2. Torino C, Manfredini F, Bolignano D et al (2014) Physical per-
formance and clinical outcomes in dialysis patients: a second-
ary analysis of the EXCITE trial. Kidney Blood Pressure Res 
39(2–3):205–11

 3. Tentori F, Elder SJ, Thumma J et al (2010) Physical exercise 
among participants in the Dialysis Outcomes and Practice Pat-
terns Study (DOPPS): correlates and associated outcomes. Neph-
rol Dialysis Transpl 25(9):3050–62

 4. USRDS Annual Data Report (2018) Epidemiology of kid-
ney disease in the United States. National Institutes of Health, 
National Institute of Diabetes and Digestive and Kidney Diseases, 
Bethesda, MD

 5. Parfrey PS, Foley RN, Harnett JD et al (1996) Outcome and risk 
factors for left ventricular disorders in chronic uraemia. Nephrol 
Dial Transpl 11(7):1277–85

 6. Mark PB, Doyle A, Blyth KG et al (2008) Vascular function 
assessed with cardiovascular magnetic resonance predicts survival 
in patients with advanced chronic kidney disease. J Cardiovasc 
Magn Reson 10(1):39

 7. Aoki J, Ikari Y, Nakajima H et al (2005) Clinical and pathologic 
characteristics of dilated cardiomyopathy in hemodialysis patients. 
Kidney Int 67(1):333–40

 8. Graham-Brown MP, Rutherford E, Levelt E et al (2017) Native T1 
mapping: inter-study, inter-observer and inter-center reproducibil-
ity in hemodialysis patients. J Cardiovasc Magn Reson 19(1):21

 9. Graham-Brown MP, Adenwalla SF, Lai FY et al (2018) The repro-
ducibility of cardiac magnetic resonance imaging measures of aor-
tic stiffness and their relationship to cardiac structure in prevalent 
haemodialysis patients. Clin kidney J 11(6):864–73

 10. Evangelidis N, Tong A, Manns B et al (2017) Developing a set of 
core outcomes for trials in hemodialysis: an international Delphi 
survey. Am J Kidney Dis 70(4):464–75

 11. Graham-Brown MPM, March DS, Churchward DR et al (2016a) 
Design and methods of CYCLE-HD: improving cardiovascular 
health in patients with end stage renal disease using a structured 
programme of exercise: a randomised control trial. BMC Nephrol 
17(1):69

 12. Sietsema KE, Amato A, Adler SG et al (2004) Exercise capacity 
as a predictor of survival among ambulatory patients with end-
stage renal disease. Kidney Int 65(2):719–24

 13. Wilkinson TJ, Xenophontos S, Gould DW et al (2019) Test–retest 
reliability, validation, and “minimal detectable change” scores for 
frequently reported tests of objective physical function in patients 
with non-dialysis chronic kidney disease. Physiother Theory Pract 
35(6):565–76

 14. Brodin E, Ljungman S, Stibrant SK (2008) Rising from a chair A 
simple screening test for physical function in predialysis patients. 
Scand J Urol Nephrol 42(3):293–300

 15. Fukui S, Kawakami M, Otaka Y et al (2016) Physical frailty 
in older people with severe aortic stenosis. Ag Clin Exp Res 
28(6):1081–7

 16. Graham-Brown MP, March DS, Churchward DR et al (2016) 
Novel cardiac nuclear magnetic resonance method for noninva-
sive assessment of myocardial fibrosis in hemodialysis patients. 
Kidney Int 90(4):835–844

 17. Adenwalla SF, Graham-Brown MP, Leone FM et al (2017) The 
importance of accurate measurement of aortic stiffness in patients 
with chronic kidney disease and end-stage renal disease. Clinical 
kidney journal. 10(4):503–15

 18. Singh A, Steadman CD, Khan JN et al (2015) Intertechnique 
agreement and interstudy reproducibility of strain and diastolic 
strain rate at 1.5 and 3 tesla: A comparison of feature-tracking and 
tagging in patients with aortic stenosis. J Magn Reson Imaging 
41(4):1129–1137

 19. Cardoso FM, Almodhy M, Pepera G et al (2017) Reference values 
for the incremental shuttle walk test in patients with cardiovascu-
lar disease entering exercise-based cardiac rehabilitation. J Sports 
Sci 35(1):1–6

 20. Strassmann A, Steurer-Stey C, Dalla Lana K et al (2013) Popu-
lation-based reference values for the 1-min sit-to-stand test. Int J 
Public Health. 58(6):949–53

 21. Probst VS, Hernandes NA, Teixeira DC et al (2012) Reference 
values for the incremental shuttle walking test. Respir Med 
106(2):243–8

 22. Lane AD, Wu P, Kistler B et al (2013) Arterial stiffness and walk 
time in patients with end-stage renal disease. Kidney Blood Press 
Res 37(2–3):142–50

 23. Aslanger E, Assous B, Bihry N et al (2016) Association between 
baseline cardiovascular mechanics and exercise capacity in 
patients with coronary artery disease. Anatol J Cardiol 16(8):608

 24. Ehsani AA, Biello D, Seals DR et al (1984) The effect of left ven-
tricular systolic function on maximal aerobic exercise capacity in 
asymptomatic patients with coronary artery disease. Circulation 
70(4):552–60

 25. Costa F, Nieri D, Bartoli ML, et al (2015) Determinants of cardio-
pulmonary exercise test (CPET) and shuttle walking test (SWT) 
in COPD patients are different. Eur Respir J 46(suppl 59)

 26. Nutt CL, Russell JC (2012) Use of the pre-operative shuttle walk 
test to predict morbidity and mortality after elective major colo-
rectal surgery. Anaesthesia 67(8):839–49

 27. Passino C, Severino S, Poletti R et al (2006) Aerobic training 
decreases B-type natriuretic peptide expression and adrener-
gic activation in patients with heart failure. J Am Coll Cardiol 
47(9):1835–9

 28. Babu-Narayan SV, Kilner PJ, Li W et al (2007) Ventricular fibrosis 
suggested by cardiovascular magnetic resonance in adults with 
repaired congenital heart disease: value of MR imaging in com-
parison to echocardiography. Pediatr Radiol 37:426–36

 29. Tham EB, Haykowsky MJ, Chow K et al (2013) Diffuse myocar-
dial fibrosis by T 1-mapping in children with subclinical anthracy-
cline cardiotoxicity: relationship to exercise capacity, cumulative 
dose and remodeling. J Cardiovasc Magn Reson 15(1):48

http://creativecommons.org/licenses/by/4.0/


1414 The International Journal of Cardiovascular Imaging (2021) 37:1405–1414

1 3

 30. Hinojar R, Foote L, Ucar EA et al (2015) Native T1 in discrimi-
nation of acute and convalescent stages in patients with clinical 
diagnosis of myocarditis: a proposed diagnostic algorithm using 
CMR. JACC: Cardiovasc Imaging 8(1):37–46

 31. McIntyre CW, Selby NM, Sigrist M et al (2006) Patients receiving 
maintenance dialysis have more severe functionally significant 
skeletal muscle wasting than patients with dialysis-independent 
chronic kidney disease. Nephrol Dial Transpl 21(8):2210–6

 32. Ikeda M, Honda H, Takahashi K et al (2016) N-terminal pro-B-
type natriuretic peptide as a biomarker for loss of muscle mass in 
prevalent hemodialysis patients. PloS One 11(11):e0166804

 33. Mizuno Y, Harada E, Katoh D et al (2013) Cardiac production of 
B-type natriuretic peptide is inversely related to the plasma level 
of free fatty acids in obese individuals-possible involvement of 
the insulin resistance. Endocr J 60(1):87–95

 34. McDiarmid AK, Swoboda PP, Erhayiem B et al (2016) Athletic 
cardiac adaptation in males is a consequence of elevated myocyte 
mass. Circulation Cardiovasc Imaging 9(4):e003579

 35. Wang B, Zhang A, Wang H et al (2019) miR-26a limits mus-
cle wasting and cardiac fibrosis through exosome-mediated 
microRNA transfer in chronic kidney disease. Theranostics 
9(7):1864–77

 36. Raghavan S, Vassy JL, Ho Y et al (2019) Diabetes mellitus-related 
all-cause and cardiovascular mortality in a national cohort of 
adults. J Am Heart Assoc 8(4):e011295

 37. Bauer TA, Reusch JE, Levi M et al (2007) Skeletal muscle deox-
ygenation after the onset of moderate exercise suggests slowed 
microvascular blood flow kinetics in type 2 diabetes. Diabetes 
Care 30(11):2880–5

 38. Reusch JE, Bridenstine M, Regensteiner JG (2013) Type 2 diabe-
tes mellitus and exercise impairment. Rev Endocr Metab Disord 
14(1):77–86

 39. Cao Y, Zeng W, Cui Y et al (2018) Increased myocardial extracel-
lular volume assessed by cardiovascular magnetic resonance T1 
mapping and its determinants in type 2 diabetes mellitus patients 
with normal myocardial systolic strain. Cardiovasc Diabetol 
17(1):7

 40. Hanlon P, Nicholl BI, Jani BD et al (2018) Frailty and pre-frailty 
in middle-aged and older adults and its association with multi-
morbidity and mortality: a prospective analysis of 493 737 UK 
Biobank participants. Lancet Public Health 3(7):e323-32

 41. Brassard P, Legault S, Garneau C et al (2007) Normalization of 
diastolic dysfunction in type 2 diabetics after exercise training. 
Med Sci Sports Exercise 39(11):1896–901

 42. Schindler TH, Facta AD, Prior JO et al (2007) Improvement in 
coronary vascular dysfunction produced with euglycaemic control 
in patients with type 2 diabetes. Heart 93(3):345–9

 43. Smith SM, Wallace E, O’Dowd T, et al. Interventions for improv-
ing outcomes in patients with multimorbidity in primary care and 
community settings. Cochrane Database Sys Rev 2016(3)

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


	The cardiovascular determinants of physical function in patients with end-stage kidney disease on haemodialysis
	Abstract
	Introduction
	Methods
	Physical function assessments
	Cardiovascular phenotyping
	CMR imaging protocol
	CMR image analysis
	LV volumes, function, parametric mapping and strain analysis 
	PWV 

	Blood sampling and routine clinical information

	Statistical analysis

	Results
	Univariate associations of CV health with physical performance
	ISWT
	STS60

	Independent determinants of physical performance
	ISWT
	STS60


	Discussion
	Cardiovascular determinants of the ISWT
	Cardiovascular determinants of the STS60
	Diabetes and physical functioning
	Strengths and limitations

	Conclusion
	Acknowledgements 
	References


