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Introduction: Circulating uric acid, ferritin, albumin, intact parathyroid hormone and gamma-glutamyl transferase each participate in 
biochemical reactions that reduce or/and enhance oxidative stress, which is considered the final common pathway through which 
pathophysiological mechanisms cause uremic cardiomyopathy. We hypothesized that the respective biomarkers may be involved in the 
development of uremic cardiomyopathy characteristics and can be useful in their identification among chronic kidney disease patients.
Methods: We assessed traditional and non-traditional cardiovascular risk factors including biomarker concentrations and determined 
central systolic blood pressure using SphygmoCor software and cardiac structure and function by echocardiography in 109 (64 non- 
dialysis and 45 dialysis) patients. Associations were evaluated in multivariate regression models and receiver operator characteristic 
(ROC) curve analysis.
Results: Each biomarker concentration was associated with left ventricular mass beyond stroke work and/or inappropriate left 
ventricular mass in all, non-dialysis and/or dialysis patients. Ferritin, albumin and gamma-glutamyl transferase levels were additionally 
associated with E/e’ in all, non-dialysis and/or dialysis patients. Dialysis status influenced the relationship of uric acid concentrations 
with inappropriate left ventricular mass and those of gamma-glutamyl transferase levels with left ventricular mass and inappropriate 
left ventricular mass. In stratified analysis, low uric acid levels were related to inappropriate left ventricular mass in dialysis but not 
non-dialysis patients (interaction p=0.001) whereas gamma-glutamyl transferase concentrations were associated with left ventricular 
mass and inappropriate left ventricular mass in non-dialysis but not dialysis patients (interaction p=0.020 to 0.036). In ROC curve 
analysis, uric acid (area under the curve (AUC)=0.877), ferritin (AUC=0.703) and albumin (AUC=0.728) concentrations effectively 
discriminated between dialysis patients with and without inappropriate left ventricular hypertrophy, left ventricular hypertrophy, and 
increased E/e,’ respectively.
Conclusion: Uric acid, ferritin, albumin, parathyroid hormone and gamma-glutamyl transferase were associated with uremic 
cardiomyopathy characteristics and could be useful in their identification. Our findings merit validation in future longitudinal studies.
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Introduction
Uremic cardiomyopathy refers to the functional and morphological cardiac changes that occur in response to chronic 
kidney disease (CKD).1 These alterations include mostly impaired diastolic function, left ventricular hypertrophy and 
marked fibrosis. Left ventricular hypertrophy typically occurs in order to compensate for an increased hemodynamic load 
as determined by stroke volume (preload) and central systolic blood pressure (afterload). In patients with CKD, the extent 
of left ventricular hypertrophy often exceeds hemodynamic needs.2 This condition is termed inappropriate left ventricular 
hypertrophy and comprises an additional independent predictor of incident cardiovascular events. Uremic cardiomyo
pathy accounts largely for the high rates of heart failure, arrhythmias and sudden cardiac death that occur particularly in 
patients with advanced CKD.3

The pathophysiology of uremic cardiomyopathy remains incompletely elucidated.1,3,4 Apart from increased preload 
due to volume overload and anaemia, increased afterload caused by hypertension and arteriosclerosis, other implicated 
mechanisms include overactivity of the renin-angiotensin-aldosterone and sympathetic nervous systems, CKD mineral 
and bone disorder, transforming growth factor-β, uremic toxins and endogenous cardiotonic steroids. Importantly in the 
present context, increased oxidative stress is considered the final common pathway through which each of these 
mechanisms causes uremic cardiomyopathy.1,5 In support of this paradigm, inhibition of Na/K-ATPase oxidant ampli
fication with pNaKtide and induction of heme oxygenase-1 with cobalt protoporphyrin markedly attenuated the devel
opment of phenotypic features of uremic cardiomyopathy in 5/6 nephrectomised mice.6 PNaKtide also reversed many of 
these phenotypical features after induction of uremic cardiomyopathy.6

Considering the above, it is striking that circulating uric acid, ferritin, albumin, parathyroid hormone and gamma- 
glutamyl transferase concentrations are not only routinely assessed by health care providers in CKD patients but also 
each participate in biochemical reactions that reduce or/and enhance oxidative stress.5,7–13 Uric acid levels are increased 
in non-dialysis CKD patients14 whereas hemodialysis effectively removes uric acid from the circulation.15 Inflammation 
often increases ferritin concentrations in CKD and this impacts the prediction of ferritin for iron status.16 Inflammation as 
well as malnutrition are associated with hypoalbuminemia in CKD.17 Gamma-glutamyl transferase levels are overall 
unaltered in CKD patients.18 Raised parathyroid concentrations represent secondary hyperparathyroidism that is observed 
in most patients with end stage kidney disease.19 In the present study, we hypothesized that the respective biomarkers 
may be involved in the development of uremic cardiomyopathy features and can be useful in their identification among 
non-dialysis and dialysis CKD patients.

Patients and Methods
Patients
One hundred and nine patients including 64 non-dialysis and 45 dialysis participants were enrolled at the Milpark 
Hospital in Johannesburg, South Africa. Patients with infection or/and active cancer were excluded. Non-dialysis patients 
had a Chronic Kidney Disease Epidemiology Collaboration estimated glomerular filtration rate (eGFR)20 of <60 mL/min/ 
1.73m2 upon enrolment. The study was carried out in accordance with the Helsinki Declaration as revised in 2013. Study 
approval was obtained from the University of the Witwatersrand Human (Medical) Research Ethics Committee (protocol 
number: M15-08-43) in Johannesburg, South Africa. Each patient provided written informed consent prior to 
participation.

Methods
Clinical Characteristics
Recorded clinical characteristics comprised demographic variables, lifestyle factors, anthropometric features, traditional 
and non-traditional cardiovascular risk factors, established cardiovascular disease and drug treatment. All investigations 
were performed on a single day. In dialysis patients, the data were recorded on the day prior to undergoing the respective 
procedure, which was applied thrice weekly.

Traditional and non-traditional or renal cardiovascular risk factors were recorded as previously reported.21 Briefly, 
hypertension was diagnosed when the systolic and/or diastolic blood pressure were >140mmHg and 90mmHg, 
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respectively, and/or antihypertensive medication was employed. Dyslipidemia was diagnosed when the total cholesterol: 
HDL cholesterol ratio was >4 or/and lipid lowering drugs were employed. Diabetes was identified in patients with 
a fasting glucose level of ≥7 mmol/l and in those that used glucose lowering medications. Routine laboratory tests were 
performed on fasting blood samples for the determination of lipid, glucose, haemoglobin, phosphate, calcium, and 
alanine transaminase concentrations and transferrin saturation.

High sensitivity C-reactive protein concentrations were determined on Abbott Architect using an immunoturbidi
metric assay. Uric acid was measured on the Alinity c analyser (Abbott Laboratories, Chicago, IL) using a uricase 
method and measuring a change in absorbance at 604 nm. The intra-assay and inter-assay coefficients of variation are 
each ≤2%. Ferritin was measured on the Alinity i analyser (Abbott Laboratories, Chicago, IL) using a chemiluminescent 
microparticle Immunoassay. The intra-assay and inter-assay coefficients of variation are each ≤5.5%. Albumin was 
measured on the Alinity c analyser (Abbott Laboratories, Chicago, IL). The albumin BCG procedure is based on the 
binding of bromocresol green specifically with albumin to produce a coloured complex. The intra-assay and inter-assay 
coefficients of variation are each ≤1%. Intact parathyroid hormone levels were determined by an electrochemilumines
cence immunoassay “ECLIA” on Cobas (Roche Diagnostics, Mannheim, Germany). This assay employs a sandwich test 
principle in which a biotinylated monoclonal antibody reacts with the N-terminal fragment (1–37) and a monoclonal 
antibody labelled with a ruthenium complexa) reacts with the C-terminal fragment (38–84). The antibodies used in this 
assay are reactive with epitopes in the amino acid region 26–32 and 37–42. The measurement range is 1.2 to 5000 pg/ 
mL. The intra-assay and inter-assay coefficients of variation are each ≤3.5%. Gamma-glutamyl transferase was measured 
on the Alinity c analyser (Abbott Laboratories, Chicago, IL). Gamma-glutamyl transferase catalyzes the transfer of the 
gamma-glutamyl group from the donor substrate (L-gamma-glutamyl-3-carboxy-4-nitroanilide) to the glycylglycine 
acceptor to yield 3-carboxy-4-nitroaniline. The rate of the absorbance increase at 416 nm is directly proportional to 
the gamma-glutamyl transferase in the sample. The intra-assay and inter-assay coefficients of variation are each ≤2.5%.

Mean arterial blood pressure for the peripheral waveform was determined electronically by the SphygmoCor device 
(see below) and using the formula 

MP ¼

PTF

i¼T0

Pi

n where T0=start of the waveform; TF=end of the waveform; Pi=pressure points and
n=number of pressure points.

Established cardiovascular disease comprised ischemic heart disease (acute myocardial infarction, percutaneous 
transluminal coronary angioplasty and coronary artery bypass graft) and heart failure, cerebrovascular disease (stroke 
and transient ischemic attack) and peripheral vascular disease, the presence of which was confirmed by a cardiologist, 
neurologist and vascular surgeon, respectively.

Central Systolic Blood Pressure
Central systolic blood pressure was measured utilizing a high-fidelity SPC-301 micromanometer (Miller instrument, Inc., 
Houston, Texas), interfaced with a computer using SpygmoCor software, version 9.0 (AtCor Medical Pty. Ltd., West 
Ryde, New South Wales, Australia), as previously reported.21 After resting for 15 minutes in the supine position, arterial 
waveforms at the radial (dominant arm), carotid and femoral artery were recorded for a time period of ten consecutive 
waveforms (heart beats). Calibration of the pulse wave was done by manual measurement (auscultation) of the brachial 
blood pressure taken immediately prior to recordings. A validated generalized transfer function incorporated in the 
SphygmoCor software was used to convert the peripheral pressure waveform into a central aortic waveform. The results 
were discarded when systolic and diastolic variability of consecutive waveforms exceeded 5% or the amplitude of the 
pulse wave signal was less than 80 mV. All measurements were made by single experienced observer (CR) who was 
unaware of the cardiovascular risk factor profiles of the patients. Brachial blood pressure was recorded in all patients. 
Technically sound measurements of the central pressure wave were obtained in 103 patients.
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Left Ventricular Structure and Function
Echocardiography was performed in accordance with the American Society of Echocardiography convention22 and 
employing a Philips CX50 POC Compact CompactXtreme Ultrasound System (Philips Medical Systems (Pty) Ltd, USA) 
equipped with a 1.8–4.2 MHz probe that allowed for M-mode, 2-D, pulsed and tissue Doppler measurements. Our 
methodology was previously described.22,23 Patients were examined in the partial left decubitus position. We assessed 
left ventricular geometry and systolic (lateral s’ and ejection fraction) and diastolic (e’ as a measure of active relaxation 
and E/e’ as an index of passive relaxation and left ventricular filling pressure).

Left ventricular dimensions were determined by measuring the left ventricular internal end diastolic and end systolic 
diameters and wall thickness (left ventricular septal and posterior wall thickness) in the parasternal long axis view by 
two-dimensional directed M-mode echocardiography. Left ventricular end diastolic and systolic volumes were assessed 
using the Teichholz method and indexed to body surface area (left ventricular end diastolic volume index). Stroke volume 
was determined from the difference between left ventricular end diastolic and systolic volumes as evaluated upon 
employing the Z-derived method. Cardiac output was determined as stroke volume x heart rate. Left ventricular ejection 
fraction was calculated as [(left ventricular end diastolic volume – left ventricular end systolic volume)/left ventricular 
end diastolic volume] x 100.

Left ventricular mass (LVM) was determined using a standard formula and indexed to body surface area (LVMI- 
BSA) and height1.7 (LVMI-ht1.7). Left ventricular hypertrophy was identified as LVM-ht1.7 greater than 80 g/m1.7 for men 
and greater than 60 g/m1.7 for women. Stroke work (SW) was calculated as stroke volume × central systolic blood 
pressure x 0.014 and expressed in gram-meters/beat. Inappropriate left ventricular mass (iLVM) was determined from 
predicted LVM, where predicted LVM was calculated as 55.37 + (6.64 × height2.7) + (0.64 × [central systolic blood 
pressure × stroke volume × 0.014]) – (18.07× sex), where male sex = 1 and female sex = 2. Inappropriate LVM was 
expressed as percentage actual LVM/predicted LVM. Inappropriate left ventricular hypertrophy was defined as inap
propriate LVM above 128%.

Left ventricular relative wall thickness (RWT) was calculated as left ventricular diastolic posterior wall thickness 
x 2)/left ventricular end diastolic diameter. Increased relative wall thickness was determined as ≥0.45. Based on the 
LVMI and RWT measurements, geometric patterns were described as concentric remodelling (normal LVMI and 
increased RWT); eccentric hypertrophy (increased LVMI and normal RWT); concentric hypertrophy (increased LVMI 
and increased RWT).

Transmitral flow patterns were recorded at the mitral valve leaflet tips using pulsed Doppler in the apical four 
chamber view. The early (E) diastolic wave was measured from the mitral inflow velocity curve. Using tissue Doppler 
imaging, the velocity of myocardial tissue shortening (s’) and early diastolic mitral annulus motion (e’) were measured 
by placing the cursor at the septal and lateral corners of the mitral annulus. The left ventricular filling pressure index 
(E/e’ ratio) was calculated as mitral E/the average of septal and lateral e’. An E/e’>14 was considered elevated.

Echocardiographic measurements were made by the same observer that performed the arterial function evaluation. 
Intra-observer echocardiographic measurement variability is low in our setting with Pearson’s correlation coefficients and 
variances (mean % difference (SD)) for left ventricular end-diastolic diameter, septal wall thickness, posterior wall 
thickness, E and e’ of 0.92, 0.72, 0.76, 0.88 and 0.93 (p<0.0001 for all), and −0.41 (4.16), 0.45 (7.74), 1.74 (6.08), 0.16 
(9.95) and −1.46 (8.58), respectively.

Systemic Vascular Resistance
Systemic vascular resistance was calculated from mean arterial pressure, right atrial pressure, and cardiac output as 
(mean arterial pressure – right atrial pressure)/cardiac output assuming that right atrial pressure=0 mmHg. For dialysis 
patients, we additionally calculated systemic vascular resistance using the same formula but upon assuming that right 
atrial pressure=10 mmHg as a fixed value, which is in keeping with previous studies among CKD patients.24
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Data Analysis
Results are given as mean (SD), median (interquartile range) of percentages as appropriate. Variables were considered 
non-normally distributed when the skewness was <-1.0 or >1.0. Non-normally distributed variables were logarithmically 
transformed prior to entering them in linear multivariate regression models.

We compared the recorded patient characteristics between non-dialysis and dialysis patients in age, sex, and race 
adjusted models, with additional adjustment for statin and antihypertensive agent use when lipid and blood pressure 
variables, respectively, were dependent variables.

The relationships of biomarkers with LVMI-BSA and LVMI-ht1.7 were first assessed in age, sex, and race (and weight 
when LVMI-ht1.7 was the dependent variable) adjusted models. To determine whether biomarkers were associated to left 
ventricular mass indices beyond stroke work, the latter variable was subsequently added to the models. The associations 
of biomarkers with iLVMI were evaluated in age, sex, race, and weight adjusted models. The impact of CKD status (non- 
dialysis versus dialysis) on biomarker-left ventricular mass indices and function relationships was determined by adding 
interaction terms (together with their components) to the models.

The associations of biomarkers with markers of left ventricular systolic and diastolic function were first assessed in 
age, sex, and race adjusted models. We then added body mass index, mean arterial pressure, heart rate and diabetes as 
established confounders in the present context, to the models. To determine whether the identified biomarker-left 
ventricular function relationships were explained by cardiac preload and/or afterload, left ventricular end diastolic 
volume indexed to body surface area, central systolic blood pressure and systemic vascular resistance were added in 
separate models.

The biomarker-left ventricular mass indices and biomarker-left ventricular function associations were also re- 
evaluated in sensitivity analysis among patients without myocardial infarction and/or heart failure.

The relationships of biomarkers with left ventricular hypertrophy indexed to height1.7, inappropriate left ventricular 
hypertrophy and left ventricular function were first assessed in receiver operator characteristic curve analysis. The 
optimal biomarker cut-off values in predicting left ventricular hypertrophy and impaired function were determined by 
calculating the Youden index. Using the identified cut-off values, the associations of biomarkers with left ventricular 
hypertrophy and function were subsequently re-assessed in age, sex and race adjusted logistic regression models.

Finally, the main identified biomarker-left ventricular mass indices and biomarker-left ventricular function relation
ships were re-evaluated in linear regression models with adjustment for potential explanatory variables/mediators 
including high-sensitivity C-reactive protein levels (systemic inflammation), waist-hip ratio (adiposity) and alanine 
transaminase (non-alcoholic fatty liver disease) and haemoglobin concentrations.

The use of angiotensin converting enzyme inhibitors (ACEI) or angiotensin receptor blockers (ARB) were not 
associated with left ventricular mass indices and diastolic function in all, non-dialysis and dialysis patients. EGFR was 
also not associated with left ventricular mass indices and diastolic function among non-dialysis patients. ACEI and ARB 
use and EGFR were therefore not adjusted for in multivariable regression models.

Data analysis was performed on IBM SPSS statistical program (version 27.0 IBM, USA). Significance was set at 
p<0.05.

Results
Clinical Characteristics
Table 1 gives the clinical characteristics in all, non-dialysis, and dialysis patients. The median (interquartile range) 
dialysis vintage was 24 (12–36) months. Black patients were more often on dialysis whereas the reverse applied to white 
participants. Body weight was smaller in dialysis compared to non-dialysis patients, but the body mass index and waist- 
hip ratio did not differ significantly between the 2 groups. Mean arterial pressure was larger in dialysis compared to non- 
dialysis patients. Haemoglobin and uric acid concentrations were smaller whereas parathyroid hormone and ferritin levels 
were larger in dialysis compared to non-dialysis patients. Dialysis patients used erythropoietin stimulating agents and 
intravenous iron therapy more frequently than non-dialysis participants. Allopurinol was employed as often in dialysis 
compared to non-dialysis patients. In patients on dialysis, the median (interquartile range) dialysis duration was 36 (12– 
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Table 1 Clinical Characteristics in Study Participants

Characteristic All Patients 
(n=109)

Non-Dialysis Patients 
(n=64)

Dialysis Patients 
(n=45)

p

Demographics

Age (years) 57.3 (14.1) 58.3 (13.8) 55.9 (14.6) 0.489

Female sex 41 (37.6) 21 (32.8) 20 (44.4) 0.268
Black 44 (40.4) 19 (29.7) 25 (55.5) 0.009
Asian 31 (28.4) 21 (32.8) 10 (22.2) 0.179

White 25 (22.9) 21 (32.8) 4 (9.9) 0.008
Mixed 9 (8.3) 3 (4.7) 6 (13.3) 0.126

Lifestyle factors
Current smoker 3 (2.7) 3 (4.7) - -

Ex-smoker 7 (6.4) 4 (6.2) 3 (6.7) 0.762

Alcohol use 1 (0.9) - 1 (2.2) -
Anthropometry

Body mass index (kg/m2) 27.0 (5.3) 27.7 (5.5) 26.1 (5.0) 0.099

Weight (kg) 77.7 (15.6) 80.8 (16.1) 73.3 (13.7) 0.024
Height (m) 1.70 (0.10) 1.71 (0.09) 1.68 (0.11) 0.284

Waist-hip ratio 0.97 (0.11) 0.96 (0.12) 0.98 (0.09) 0.125

Major traditional CV risk factors
Hypertension 100 (91.7) 57 (89.1) 43 (95.6) 0.154

Systolic blood pressure (mmHg) 141 (21) 137 (20) 145 (22) 0.052

Diastolic blood pressure (mmHg) 82 (11) 81 (9) 84 (14) 0.152
Mean blood pressure (mmHg) 102 (12) 100 (10) 104 (14) 0.046
Heart rate (beats/min) 75 (15) 73 (15) 78 (13) 0.182

Dyslipidemia 77 (70.6) 50 (78.1) 27 (60.0) 0.065
Total cholesterol (mmol/l) 4.3 (1.2) 4.2 (1.2) 4.3 (1.2) 0.802

LDL cholesterol (mmol/l) 2.4 (0.9) 2.3 (0.9) 2.5 (1.0) 0.585

HDL cholesterol (mmol/l) 1.15 (0.43) 1.10 (0.41) 1.22 (0.44) 0.274
Triglycerides (mmol/l) 1.4 (1.1–1.9) 1.4 (1.1–2.0) 1.3 (0.9–1.8) 0.172

Diabetes 38 (34.9) 21 (32.8) 17 (37.8) 0.489

Any cardiovascular disease 29 (26.6) 16 (25.0) 13 (28.9) 0.518
Heart failure 12 (11.0) 5 (7.8) 7 (15.6) 0.166

Myocardial infarction 3 (2.8) 2 (3.1) 1 (2.2) 0.980

Non-traditional/renal CV risk factors
Dialysis duration (months) - - 36 (12–48) -

Estimated GFR (mL/min/1.73m2) - 30 (20–52) - -

Haemoglobin (g/dl) 12.0 (2.6) 12.7 (2.8) 10.9 (1.8) <0.001
Ferritin (ng/mL) 209 (82–470) 124 (49–247) 366 (146–672) <0.001
Transferrin saturation (%) 22.5 (17.9–30.0) 22.0 (16.9–30.6) 22.9 (19.1–29.5) 0.079

Phosphate (mmol/l) 1.20 (0.93–1.60) 1.18 (0.93–1.42) 1.43 (0.93–1.73) 0.051
Calcium (mmol/l) 2.3 (0.2) 2.3 (0.2) 2.2 (0.2) 0.479

Parathyroid hormone (pg/mL) 169 (69–446) 83 (56–212) 401 (174–794) <0.001
Uric acid (mmol/l) 0.36 (0.14) 0.41 (0.12) 0.28 (0.12) <0.001
Albumin (g/l) 39 (34–42) 39 (35–42) 39 (34–43) 0.612

High-sensitivity CRP (mg/l) 6.6 (2.1–21.5) 4.0 (2.0–21.0) 8.1 (2.4–25.9) 0.29

Gamma-glutamyl transferase (U/l) 28 (18–61) 30 (16–61) 26 (21–65) 0.589
Alanine transaminase (U/l) 15 (11–25) 20 (11–31) 13 (11–19) 0.080

Drug treatment

Antihypertensives 100 (91.7) 57 (89.1) 43 (95.6) 0.152
ACEI/ARB 86 (78.9) 52 (81.3) 34 (75.6) 0.760

Statin 67 (61.5) 43 (67.2) 24 (53.3) 0.279

Erythropoietin stimulating agent 51 (46.8) 11 (17.2) 40 (88.9) <0.001

(Continued)
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48) months. Dialysis duration was not associated with left ventricular mass indices, inappropriate left ventricular mass 
and left ventricular diastolic and systolic function measures (p=0.269 to 0.889). Also, in all (p=0.120 to 0.809), non- 
dialysis (p=0.158 to 0.681) and dialysis patients (p=0.157 to 0.822), dyslipidemia was not associated with left ventricular 
mass indices, inappropriate left ventricular mass and left ventricular diastolic and systolic function measures.

Central Systolic Blood Pressure, Left Ventricular Structure and Function and Systemic 
Vascular Resistance
Table 2 shows the central systolic blood pressure, left ventricular structure and function and systemic vascular resistance 
in all, non-dialysis, and dialysis patients. Compared to non-dialysis patients, those on dialysis had a larger central systolic 
blood pressure, LVMI-BSA, LVMI-ht1.7 and LVEDVI-BSA, and more frequent LVH-ht1.7. Inappropriate LVM and 

Table 2 Central Systolic Blood Pressure, Left Ventricular Structure and Function and Systemic Vascular Resistance in Study 
Participants

Characteristic All Patients  
(n=109)

Non-Dialysis Patients  
(n=64)

Dialysis Patients  
(n=45)

p

Central systolic blood pressure (mmHg) 130 (19) 127 (17) 135 (21) 0.018
LVMI-BSA (g/m2) 93.1 (75.1–118.5) 89.0 (71.3–117.3) 108.2 (81.2–123.1) 0.012
LVMI-ht1.7 (g/m1.7) 69.5 (58.5–96.0) 65.7 (56.8–89.9) 79.0 (65.6–99.1) 0.038
LVH-ht1.7 54 (49.5) 25 (39.1) 29 (64.4) 0.008
Inappropriate LVM (%) 123 (105–159) 124 (106–144) 113 (104–172) 0.543

Inappropriate LVH 45 (41.3) 25 (39.1) 20 (44.4) 0.338

LV E/e’ 10.4 (4.5) 9.5 (4.4) 11.5 (4.5) 0.017
LV E/e’ >14 27 (24.8) 13 (20.3) 14 (31.1) 0.171

LV e’ (cm/s) 8.6 (2.7) 8.9 (2.7) 8.0 (2.7) 0.016
LV ejection fraction (%) 63 (14) 64 (14) 62 (15) 0.212
LV lateral wall s’ (cm/s) 8.5 (2.3) 8.8 (2.3) 8.1 (2.1) 0.131

Stroke volume (mL/beat) 70 (24) 69 (23) 71 (26) 0.442

Stroke work (gram-meters/beat) 135 (55) 130 (51) 143 (61) 0.119
LVEDVI-BSA (mL/m2) 67 (49–88) 63 (47–83) 80 (55–93) 0.018
LV relative wall thickness 0.36 (0.31–0.43) 0.37 (0.32–0.43) 0.34 (0.29–0.44) 0.271

Increased relative wall thickness 22 (20.2) 14 (21.9) 8 (17.8) 0.479
Eccentric hypertrophy 43 (39.4) 20 (31.3) 23 (51.1) 0.023
Concentric hypertrophy 11 (10.1) 5 (7.8) 6 (13.3) 0.378

Concentric remodelling 11 (10.1) 9 (14.1) 2 (4.4) 0.116
Systemic vascular resistance (mmHg/l/min) 20.4 (15.3–26.7) 20.7 (15.3–27.1) 20.4 (15.1–24.4) 0.759

Notes: Data are expressed as mean (SD), median (interquartile range) or number (%), and analysed in age, sex, race adjusted linear or logistic regression analysis as 
appropriate. Significant associations are shown in bold. 
Abbreviations: LVMI, left ventricular mass index; BSA, body surface area; ht, height; LVH, left ventricular hypertrophy; LVEDVI, left ventricular end diastolic volume index.

Table 1 (Continued). 

Characteristic All Patients 
(n=109)

Non-Dialysis Patients 
(n=64)

Dialysis Patients 
(n=45)

p

Intravenous iron 47 (43.1) 10 (15.6) 37 (82.2) <0.001
Allopurinol 18 (16.5) 11 (17.2) 7 (15.6) 0.874

Notes: Data are expressed as mean (SD), median (interquartile range) or number (%), and analysed in age, sex, race adjusted linear or logistic 
regression analysis as appropriate; statin and antihypertensive agent use was additionally adjusted for in models with lipid and blood pressure 
variables, respectively, as outcome variables. Significant associations are shown in bold. 
Abbreviations: CV, cardiovascular; LDL, low density lipoprotein; HDL, high density lipoprotein; CRP, C-reactive protein; ACEI, angiotensin 
converting enzyme inhibitor; ARB, angiotensin receptor blocker.
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relative wall thickness did not differ among the 2 groups. E/e’ was larger and e’ smaller whereas systolic function did not 
differ significantly between dialysis and non-dialysis patients. Systemic vascular resistance was similar in both groups.

Relationships of Biomarkers with LVMI-BSA and LVM-ht1.7

Table 3 gives the age, sex, and race (and weight when appropriate) adjusted associations of biomarkers with 
LVMI-BSA and LVMI-ht1.7. In all patients, ferritin and parathyroid hormone levels were consistently related to 
left ventricular mass indices. Albumin and gamma-glutamyl transferase concentrations were associated with left 
ventricular mass indices in non-dialysis but not dialysis patients. Uric acid levels were not associated with left 
ventricular mass indices. Table 4 shows that each of these associations remained significant after additional 
adjustment for, and therefore beyond stroke work. Additionally, CKD status tended to impact (p=0.094 to 0.064) 
the albumin-left ventricular mass indices relations and influenced (p=0.024 to 0.020) the gamma-glutamyl 
transferase-left ventricular mass indices relations, which is congruent with the finding that albumin and gamma- 
glutamyl transferase concentrations were related to left ventricular mass indices in non-dialysis but not dialysis 
patients.

Relationships of Biomarkers with Inappropriate Left Ventricular Mass
Table 5 gives the associations of biomarkers with inappropriate left ventricular mass.

Parathyroid hormone and uric acid levels were associated with inappropriate left ventricular mass in all patients. 
Parathyroid hormone was also related to inappropriate left ventricular mass in dialysis patients. CKD status strongly 
impacted the uric acid-inappropriate left ventricular mass relation. Consequently, uric acid concentrations were strongly 
(and inversely) related to inappropriate left ventricular mass in dialysis but not non-dialysis patients. Dialysis status also 
influenced the gamma-glutamyl transferase-inappropriate left ventricular mass association. Gamma-glutamyl transferase 
concentrations were related to inappropriate left ventricular mass in non-dialysis but not dialysis patients. Ferritin levels 
were associated to inappropriate left ventricular mass in non-dialysis patients only. Albumin concentrations were not 
related to inappropriate left ventricular mass.

Relationships of Biomarkers with E/e’
Table 6 shows the age, sex, and race adjusted associations of biomarkers with E/e’. Albumin and gamma-glutamyl 
transferase levels were associated with E/e’ in all patients. Gamma-glutamyl transferase concentrations were also related 
to E/e’ in dialysis patients. Ferritin levels were associated with E/e’ in non-dialysis patients. Parathyroid hormone and 
uric acid concentrations were not related to E/e.’

Table 7 gives the associations of biomarkers with E/e’ after additional adjustment for body mass index, mean arterial 
pressure, heart rate and diabetes. In all and dialysis patients, gamma-glutamyl transferase levels remained associated with 
E/e.’ Ferritin concentrations also remained associated with E/e’ in non-dialysis patients. Albumin levels were related to 
E/e’ in dialysis patients only.

Supplementary Table 1 shows that upon adjustment for cardiac preload (left ventricular end diastolic volume indexed 
to body surface area) and afterload (central systolic blood pressure and systemic vascular resistance), gamma-glutamyl 
transferase in all patients and ferritin concentrations in non-dialysis participants remained associated with E/e’. When we 
set atrial pressure at 10 mmHg upon calculating systemic vascular resistance among dialysis patients, its median 
(interquartile range) value was 18.4 (13.8–21.9) mmHg/l/min and the results in Supplementary Table 1 were unaltered 
(see Supplementary Table 2).

None of the biomarkers were associated with e’ and left ventricular systolic measures including lateral s’ or ejection 
fraction (see Supplementary Table 3).
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Relationships of Biomarkers with LVMI-BSA, LVMI-ht1.7, Inappropriate Left Ventricular 
Mass, and E/e’ in Sensitivity Analysis Among Patients Without Myocardial Infarction or 
Heart Failure
As shown in, Supplementary Tables 4–6, overall, the associations of biomarkers with LVMI-BSA, LVMI-ht1.7, inap
propriate left ventricular mass, and E/e’ in sensitivity analysis among patients without myocardial infarction or heart 
failure did not materially differ from those in all study participants (Tables 3, 5 and 6). The exception was that the 
associations of ferritin levels with LVMI-BSA and LVMI-ht1.7 in dialysis patients were now significant at p=0.035.

Relationships of Biomarkers with Left Ventricular Hypertrophy and Increased E/e’
The associations of biomarkers with left ventricular hypertrophy indexed to height1.7, inappropriate left ventricular 
hypertrophy, and E/e’ >14 in all, non-dialysis and dialysis patients were first examined in receiver operator characteristic 
(ROC) curve analysis. The significant findings are given in Figure 1. Among all patients, ferritin (area under the curve 
(AUC) for the ROC curve=0.648, p=0.010) and parathyroid hormone concentrations (AUC=0.630, p=0.028) were 
associated with LVH-ht1.7 whereas gamma-glutamyl transferase levels (AUC=0.654, p=0.026) were related to E/e’ 
>14. Among dialysis patients, ferritin concentrations (AUC=0.703, p=0.026) were associated with LVH-ht1.7, uric acid 
levels (AUC=0.877, p <0.001) were related to appropriate left ventricular hypertrophy and albumin concentrations 
(AUC=0.728, p=0.018) were associated with E/e’ ≤14.

As shown in Table 8, upon using the optimal cut-off values as identified in ROC curve analysis, the associations of 
elevated or reduced (as appropriate) biomarker levels with LVH-ht1.7, inappropriate left ventricular hypertrophy, and E/e’ 
>14 in age, sex and race adjusted logistic regression models remained significant (p=0.001 to 0.040).

Table 9 gives the cut-off values and sensitivity or specificity when sensitivity and specificity were set at 80% in ROC 
analysis for the biomarker-cardiac parameter associations in dialysis patients.

Table 3 Relationships of Biomarkers with Left Ventricular Mass Indexed to Body Surface and Body height1.7

Biomarker Log left Ventricular Mass Indexed to Body Surface Area

All Patients (n=109) Non-Dialysis Patients (n=64) Dialysis Patients (n=45)

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

Log albumin −0.211 (0.121) −0.170 0.085 0.209 −0.321 (0.111) −0.355 0.005 0.411 0.161 (0.317) 0.081 0.614 0.133

Log gamma- 
glutamyl 
transferase

0.042 (0.036) 0.113 0.250 0.181 0.090 (0.038) 0.299 0.020 0.386 −0.075 (0.067) −0.173 0.273 0.135

Log ferritin 0.080 (0.026) 0.298 0.003 0.236 0.057 (0.034) 0.227 0.099 0.340 0.100 (0.050) 0.303 0.054 0.189

Log parathyroid 
hormone

0.103 (0.030) 0.340 0.001 0.244 0.099 (0.041) 0.325 0.019 0.403 0.062 (0.061) 0.166 0.318 0.087

Uric acid −0.181 (0.109) −0.170 0.102 0.192 0.012 (0.135) 0.012 0.929 0.372 −0.256 (0.229) −0.189 0.271 0.126

Biomarker Log left ventricular mass indexed to body height1.7

All patients (n=109) Non-dialysis patients (n=64) Dialysis patients (n=45)

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

Log albumin −0.225 (0.125) −0.177 0.074 0.202 −0.331 (0.112) −0.364 0.005 0.419 0.119 (0.341) 0.057 0.729 0.128

Log gamma- 
glutamyl 
transferase

0.046 (0.037) 0.123 0.214 0.173 0.096 (0.038) 0.317 0.026 0.397 −0.070 (0.072) −0.154 0.337 0.125

Log ferritin 0.087 (0.027) 0.311 0.002 0.234 0.069 (0.035) 0.264 0.056 0.364 0.105 (0.053) 0.306 0.055 0.187

Log parathyroid 
hormone

0.107 (0.032) 0.337 0.001 0.222 0.106 (0.042) 0.338 0.015 0.395 0.070 (0.066) 0.177 0.294 0.086

Uric acid −0.203 (0.113) −0.185 0.076 0.196 −0.013 (0.135) −0.013 0.924 0.395 −0.281 (0.244) −0.196 0.258 0.130

Notes: All relationships are adjusted for age, sex and race; weight was additionally adjusted for in models with left ventricular mass indexed for body height1.7 as dependent 
variable. Significant associations are shown in bold. 
Abbreviations: Log, logarithmically transformed; β, regression coefficient; SE, standard error of the mean.
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Table 4 Relationships of Biomarkers with Left Ventricular Mass Indexed to Body Surface Area and Body height1.7 Beyond Stroke Work

Models Log Left Ventricular Mass Indexed to Body Surface Area

All Patients (n=109) Non-Dialysis Patients (n=64) Dialysis Patients (n=45) Interaction  
p

β (SE) Partial  
R

p Model  
R2

β (SE) Partial  
R

p Model  
R2

β (SE) Partial  
R

p Model  
R2

1. Stroke work 0.001 (0.000) 0.407 <0.001 0.001 (0.000) 0.374 0.004 0.001 (0.000) 0.372 0.025

Log albumin −0.121 (0.116) −0.107 0.298 0.326 −0.257 (0.109) −0.304 0.022 0.496 0.317 (0.307) 0.175 0.308 0.242 0.094

2. Stroke work 0.001 (0.000) 0.426 <0.001 0.001 (0.000) 0.419 0.001 0.001 (0.000) 0.368 0.025

Log gamma-glutamyl transferase 0.040 (0.035) 0.155 0.259 0.322 0.089 (0.036) 0.318 0.016 0.501 −0.092 (0.071) −0.214 0.203 0.244 0.024

3. Stroke work 0.001 (0.000) 0.427 <0.001 0.001 (0.000) 0.515 <0.001 0.001 (0.000) 0.274 0.100

Log ferritin 0.063 (0.025) 0.265 0.011 0.369 0.072 (0.031) 0.316 0.024 0.518 0.061 (0.054) 0.187 0.269 0.236 0.790

4. Stroke work 0.001 (0.000) 0.381 <0.001 0.001 (0.000) 0.316 0.027 0.001 (0.000) 0.353 0.041

Log parathyroid hormone 0.091 (0.029) 0.321 0.002 0.349 0.067 (0.045) 0.210 0.147 0.472 0.093 (0.060) 0.265 0.130 0.191 0.682

Log left ventricular mass indexed to body height1.7

All patients (n=109) Non-dialysis patients (n=64) Dialysis patients (n=45) Interaction  
p

β (SE) Partial  
R

p Model  
R2

β (SE) Partial  
R

p Model  
R2

β (SE) Partial  
R

p Model  
R2

1. Stroke work 0.001 (0.000) 0.390 <0.001 0.001 (0.000) 0.345 0.008 0.001 (0.000) 0.345 0.043

Log albumin −0.132 (0.120) −0.113 0.273 0.306 −0.268 (0.111) −0.312 0.019 0.492 0.289 (0.338) 0.147 0.399 0.215 0.064

2. Stroke work 0.001 (0.000) 0.410 <0.001 0.001 (0.000) 0.402 0.002 0.001 (0.000) 0.343 0.041

Log gamma-glutamyl transferase 0.044 (0.036) 0.124 0.225 0.301 0.095 (0.036) 0.336 0.011 0.500 −0.088 (0.077) −0.193 0.259 0.217 0.020

3. Stroke work 0.001 (0.000) 0.404 <0.001 0.001 (0.000) 0.496 <0.001 0.001 (0.000) 0.250 0.142

Log ferritin 0.069 (0.026) 0.268 0.010 0.348 0.079 (0.032) 0.336 0.017 0.522 0.067 (0.058) 0.194 0.256 0.217 0.783

4. Stroke work 0.001 (0.000) 0.358 0.001 0.001 (0.000) 0.275 0.058 0.001 (0.000) 0.337 0.055

Log parathyroid hormone 0.093 (0.031) 0.309 0.004 0.312 0.072 (0.049) 0.212 0.148 0.448 0.104 (0.065) 0.277 0.118 0.181 0.709

Notes: All relationships were adjusted for age, sex and race; weight was additionally adjusted for in models with left ventricular mass indexed to body height1.7 as dependent variable. Significant associations are shown in bold. 
Abbreviations: Log, logarithmically transformed; β, regression coefficient; SE, standard error of the mean.
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Relationships of Biomarkers with Left Ventricular Mass and E/E’ After Adjustment for 
Potential Mediators
As given in Supplementary Table 7, to determine whether the main associations that were identified in Tables 3, 5 and 6 
could be explained by inflammation or nutritional status, we re-assessed those respective relationships in models adjusted 
for high-sensitivity C-reactive protein, alanine transaminase and haemoglobin levels, and waist-hip ratio. Apart from 
a marginal attenuation of the albumin-E/e’ association, the findings remained unaltered.

Discussion
This study examined independent relationships of uric acid, ferritin, albumin, parathyroid hormone and gamma-glutamyl 
transferase concentrations with core features of uraemic cardiomyopathy including high left ventricular mass, inap
propriate left ventricular mass, and E/e’ as a marker of impaired diastolic function in CKD. We also determined whether 

Table 5 Relationships of Biomarkers with Inappropriate Left Ventricular Mass

Models Log Inappropriate Left Ventricular Mass

All Patients (n=109) Non-Dialysis Patients (n=64) Dialysis Patients (n=45) Interaction 
p

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

Log albumin −0.067 (0.117) −0.059 0.569 0.048 −0.206 (0.112) −0.240 0.072 0.133 0.453 (0.322) 0.235 0.165 0.096 0.045

Log gamma-glutamyl 
transferase

0.035 (0.036) 0.052 0.330 0.099 0.087 (0.037) 0.298 0.024 0.162 −0.085 (0.037) 0.264 0.289 0.075 0.036

Log ferritin 0.047 (0.026) 0.190 0.070 0.190 0.080 (0.032) 0.339 0.015 0.204 −0.008 (0.054) −0.025 0.882 0.042 0.162

Log parathyroid hormone 0.070 (0.031) 0.237 0.027 0.083 0.008 (0.044) 0.025 0.863 0.071 0.133 (0.063) 0.351 0.042 0.146 0.153

Uric acid −0.201 (0.098) −0.203 0.044 0.152 0.062 (0.116) 0.075 0.595 0.233 −0.705 (0.222) −0.508 0.004 0.307 0.001

Notes: All relationships were adjusted for age, sex and race and weight. Significant associations are shown in bold. 
Abbreviations: Log, logarithmically transformed; β, regression coefficient; SE, standard error of the mean.

Table 6 Relationships of Biomarkers with E/e’

Biomarker E/e’

All Patients (n=109) Non-Dialysis Patients (n=64) Dialysis Patients (n=45)

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

Log albumin −7.543 (3.754) −0.195 0.047 0.095 −6.501 (4.151) −0.201 0.123 0.116 −14.897 (8.236) −0.278 0.078 0.178

Log gamma-glutamyl 
transferase

2.919 (1.082) 0.257 0.008 0.124 1.980 (1.392) 0.184 0.160 0.109 3.741 (1.749) 0.320 0.039 0.194

Log ferritin 1.315 (0.823) 0.161 0.113 0.087 2.510 (1.192) 0.280 0.040 0.148 −0.912 (1.409) −0.103 0.521 0.101

Log parathyroid hormone 1.367 (0.958) 0.148 0.157 0.089 2.070 (1.478) 0.194 0.168 0.159 −1.505 (1.664) −0.149 0.372 0.166

Uric acid 0.562 (3.350) 0.017 0.867 0.050 −0.284 (4.919) −0.008 0.954 0.102 11.395 (5.668) 0.326 0.052 0.145

Note: All relationships were adjusted for age, sex and race. Significant associations are shown in bold. 
Abbreviations: β, regression coefficient; SE, standard error of the mean; log, logarithmically transformed.

Table 7 Independent Relationships of Biomarkers with E/e’

Models E/e’

All Patients (n=109) Non-Dialysis Patients (n=64) Dialysis Patients (n=45) Interaction 
p

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

β (SE) Partial 
R

p Model 
R2

Log albumin −6.605 (3.902) −0.170 0.094 0.132 −4.979 (3.750) −0.179 0.192 0.392 −18.397 (8.015) −0.362 0.028 0.333 0.417

Log gamma-glutamyl 
transferase

3.023 (1.113) 0.266 0.008 0.174 2.411 (1.315) 0.244 0.072 0.409 3.761 (1.707) 0.345 0.032 0.338 0.474

Log ferritin 1.321 (0.863) 0.159 0.129 0.142 2.973 (1.017) 0.392 0.005 0.489 −1.408 (1.369) −0.171 0.311 0.291 0.053

Notes: All relationships were adjusted for age, sex, race, body mass index, mean arterial pressure, heart rate and diabetes. Significant associations are shown in bold. 
Abbreviations: β, regression coefficient; SE, standard error of the mean; log, logarithmically transformed.
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Figure 1 Receiver operator characteristic curve analysis showing the performance of biomarkers in identifying left ventricular hypertrophy, inappropriate left ventricular 
hypertrophy and E/e’ > 14 among all patients (A–C) and those on dialysis (D–F). No significant associations were found in non-dialysis patients. LVH-ht1.7=left ventricular 
hypertrophy indexed to height1.7; LVH=left ventricular hypertrophy.
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these associations differed in non-dialysis compared to dialysis patients. Each evaluated biomarker was associated with 
left ventricular mass beyond stroke work and/or inappropriate left ventricular mass in all, non-dialysis and/or dialysis 
patients. Ferritin, albumin and gamma-glutamyl transferase levels were additionally associated with E/e’ in all, non- 
dialysis and/or dialysis patients. Dialysis status influenced the relationship of uric acid concentrations with inappropriate 
left ventricular mass and those of gamma-glutamyl transferase levels with left ventricular mass and inappropriate left 
ventricular mass. Accordingly, in stratified analysis, low uric acid levels were related to inappropriate left ventricular 
mass in dialysis but not non-dialysis patients whereas gamma-glutamyl transferase concentrations were associated with 
left ventricular mass and inappropriate left ventricular mass in non-dialysis but not dialysis patients. Uric acid, ferritin 
and albumin concentrations effectively discriminated between dialysis patients with and without inappropriate left 
ventricular hypertrophy, left ventricular hypertrophy, and increased E/e’, respectively. Our results indicate that uric 
acid, ferritin, albumin, parathyroid hormone and gamma-glutamyl transferase may be involved in the development of 
uremic cardiomyopathy and useful in its identification.

We found that uric acid levels were strongly and inversely associated with inappropriate left ventricular mass (partial 
R=−0.508, p=0.004) in dialysis patients. Accordingly, in ROC curve analysis, uric acid concentrations differentiated 
dialysis patients with inappropriate left ventricular hypertrophy from those without to a clinically useful extent, ie, with 
an AUC of 0.877 and a corresponding sensitivity and specificity of 75% and 87%, respectively, at an optimal cut-off 
value of 0.28 mmol/l. Interestingly, a recent investigation by Selim et al25 disclosed that low uric acid was associated 
with left ventricular hypertrophy in 225 hemodialysis patients. Inappropriate left ventricular mass was not assessed in the 
latter study. Our findings and those in the Selim study25 contrast sharply with those disclosed in non-dialysis CKD 
patients14,26 where uric acid was directly associated with left ventricular mass and inappropriate left ventricular mass, as 

Table 8 Relationships of Biomarkers with LVH-ht1.7, iLVH and E/e’ >14 as Based on ROC 
Curve Analysis in All and Dialysis Patients

Relationship n (%) OR (95% CI) p

All Patients (n=109)  

Ferritin >150 ng/mL versus LVH-ht1.7 57 (52.3%) 2.85 (1.23–6.58) 0.014
Parathyroid hormone >199 pg/mL versus LVH-ht1.7 56 (51.4%) 4.25 (1.72–10.50) 0.002
Gamma-glutamyl transferase >68 U/l versus E/e’ >14 25 (22.9%) 5.42 (1.59–18.46) 0.007

Dialysis patients (n=45)
Ferritin >345 ng/mL versus LVH-ht1.7 23 (51.1%) 5.00 (1.20–20.81) 0.027
Uric acid <0.28 mmol/l versus iLVH 21 (46.7%) 21.74 (3.30–143.1) 0.001
Albumin <36 g/l versus E/e’ >14 13 (28.9%) 5.87 (1.06–32.2) 0.040

Note: All relationships were adjusted for age, sex and race. Significant associations are shown in bold. 
Abbreviations: ROC, receiver operator characteristic; OR, odds ratio; CI, confidence interval; LVH-ht1.7, left ventricular 
hypertrophy indexed to body height1.7; iLVH, inappropriate left ventricular hypertrophy.

Table 9 Classification of Dialysis Patients with LVH-ht1.7, iLVH and E/e’ > 14 
Upon Setting Sensitivity and Specificity at 80%

Biomarker Versus 
Cardiac Parameter

Cut-Off Value Sensitivity (%) Specificity (%)

Ferritin versus LVH-ht1.7 244 ng/mL 80 50

522 ng/mL 43 80
Uric acid versus iLVH 0.28 mmol/l 80 80

Albumin versus E/e’ > 14 35 g/l 80 54

40 g/l 45 80

Abbreviations: LVH-ht1.7, left ventricular hypertrophy indexed to body height1.7; iLVH, inappropriate 
left ventricular hypertrophy.
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well as impaired diastolic and systolic function. Also, whereas high uric acid associates with increased cardiovascular 
mortality in non-dialysis patients,27 the reverse was found in some studies that comprised dialysis patients.27,28 What 
could explain these contrasting relationships between non-dialysis and dialysis CKD patients? At physiological con
centrations, uric acid accounts for approximately half of the plasma free radical scavenger capacity.7 In this regard, 
circulating uric acid reduces hydroxyl and superoxide radicals as well as lipid peroxidation and ascorbate oxidation.29 

Contrariwise, hyperuricemia causes increased oxidative stress and has profibrotic and proinflammatory effects that can 
lead to left ventricular hypertrophy and impaired diastolic function, as recently documented in mice fed a western diet.30 

In relation to oxidative stress, intracellular adipocyte uric acid stimulates nicotinamide adenine dinucleotide phosphate 
oxidase-dependent production of reactive oxygen species.29 Uric acid levels increase as the glomerular filtration rate 
declines in non-dialysis CKD patients.14 However, in patients with end stage renal disease, one hemodialysis session 
eliminates as much as ~1 gram of uric acid7 thereby reducing its concentrations by ~80% and keeping them below 
saturation level.15 In keeping with this observation, the mean (SD) uric acid level was 0.41 (0.12) versus 0.28 (0.12) in 
our non-dialysis versus dialysis study participants despite similar frequencies of allopurinol use among the 2 groups. 
A recent randomized controlled trial showed that in dialysis patients that had a mean (SD) baseline uric acid concentra
tion of 0.36 (0.09) mmol/l, allopurinol use did not reduce left ventricular mass.31 Taken together, whether uric acid 
lowering may in fact enhance cardiovascular risk in at least some haemodialysis patients requires further study.

Our analysis revealed that ferritin levels were independently associated with left ventricular mass in all study 
participants and with inappropriate left ventricular mass and E/e’ in non-dialysis patients. In ROC curve analysis, ferritin 
concentrations usefully distinguished between dialysis patients with versus those without left ventricular hypertrophy 
with an AUC of 0.703 and a corresponding sensitivity and specificity of 71% and 69%, respectively, at an optimal cut-off 
value of 345 ng/mL. Upon setting the sensitivity and specificity at 80% in ROC curve analysis, the cut-off values were 
244 ng/mL and 522 ng/mL, respectively. In line with our findings, previous non-CKD studies have shown that iron 
overload can cause oxidative stress via the Fenton reaction and thereby induce left ventricular hypertrophy, cardiac 
fibrosis, and markedly impaired left ventricular diastolic function before systolic function decreases.8,9 On the other hand, 
both iron overload as well as iron deficiency induce oxidative stress including lipid peroxidation and thereby mediate 
mitochondrial damage32 and increased heart failure risk.33 Iron deficiency is highly prevalent in particularly advanced 
CKD and associates with increased cardiovascular event rates and mortality.34 In the recent PIVOTAL trial35 that 
comprised hemodialysis patients, administering intravenous iron unless serum ferritin was >700 µg/l or serum transferrin 
saturation was 40% was associated with reduced adverse cardiovascular events or death compared to the use of 
intravenous iron triggered only by a ferritin level of <200 µg/l or serum transferrin saturation of <20%. However, it 
remains unknown whether a ferritin concentration target <700 µg/l may be sufficient and even optimal.34 Our results 
indeed argue towards targeting a ferritin level that is lower than 700 µg/l upon treating iron deficiency in hemodialysis 
patients with intravenous iron.

Serum albumin concentrations were inversely associated with left ventricular mass in non-dialysis patients and, in 
a fully adjusted model (Table 7), with E/e’ in dialysis patients. In ROC curve analysis, albumin levels discriminated 
effectively between patients with and without increased E/e’ with an AUC of 0.728 and a corresponding sensitivity and 
specificity of 74% and 69%, respectively, at an optimal cut-off value of 36 g/l. Upon setting the sensitivity and specificity 
at 80% in ROC curve analysis, the cut-off values were 35 g/l and 40 g/l, respectively. Hypoalbuminemia represents 
a negative acute phase reactant and marker of malnutrition.17 Serum albumin is also an abundant antioxidant under 
normal and oxidative stress conditions.11,12 CKD reduces circulating levels of serum albumin hydroperoxide, which is 
a potent antioxidant.10 Hemodialysis restores serum albumin hydroperoxide concentrations.10 Hypoalbuminemia strongly 
associates with incident cardiovascular events and overall mortality in both non-dialysis and hemodialysis CKD 
patients.36,37 Our findings confirm the inverse association between serum albumin levels and left ventricular mass in non- 
dialysis CKD patients as recently reported by Gupta et al17 In relation to the potential effects of low serum albumin 
concentrations on E/e’ in dialysis patients as identified in the present study, Prenner et al38 recently found that low serum 
albumin associates with myocardial fibrosis, N-terminal pro B-type natriuretic peptide levels, incident heart failure 
hospitalization and death among heart failure with preserved ejection fraction patients. This was not attributable to 

https://doi.org/10.2147/IJNRD.S389539                                                                                                                                                                                                                                

DovePress                                                                                                  

International Journal of Nephrology and Renovascular Disease 2022:15 366

Tade et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


sarcopenia or cachexia.38 The mechanisms underlying the association of low serum albumin with uremic cardiomyopathy 
characteristics merit further investigation.

Hyperparathyroidism causes mitochondrial calcium excess in cardiomyocytes that leads to oxidative stress, necrotic 
cell death and fibrosis.13 Parathyroid hormone was recently also shown to induce mitochondrial calcium overload driven 
reactive oxygen species production in endothelial cells.39 Secondary hyperparathyroidism is particularly implicated in 
uremic cardiomyopathy among patients with end stage chronic kidney disease. Parathyroidectomy in such patients 
reduces left ventricular hypertrophy and improves left ventricular systolic function.19 We recently reported that persistent 
secondary hyperparathyroidism is independently associated with impaired diastolic function in stable kidney transplant 
recipients.22 In the present study, parathyroid levels were associated with left ventricular mass and inappropriate left 
ventricular mass. Notably, our results show for the first time that the potential impact of parathyroid hormone levels on 
left ventricular mass is equally strong in non-dialysis as it is in dialysis patients (interaction p=0.682 to 0.709). In ROC 
curve analysis, parathyroid hormone concentrations discriminated between patients with and without left ventricular 
hypertrophy (p=0.028) but not to a clinically reliable extent (AUC=0.630).

Gamma-glutamyl transferase concentration is an established marker of liver disease and excessive alcohol use as well 
as steatosis in the context of metabolic syndrome.5 However, gamma-glutamyl transferase also hydrolyses extra-cellular 
glutathione, which is a major antioxidant.5 This produces cysteinylglycine, which can generate superoxide anion radicals 
upon interacting with free iron. On the other hand, together with membrane dipeptidases, gamma-glutamyl transferase 
thereby also frees amino acids for the production and repletion of intracellular glutathione and protein. Hence, high 
gamma-glutamyl transferase levels represent a marker of increased oxidative stress. In this regard, gamma-glutamyl 
transferase concentrations independently predict cardiovascular and overall mortality in various populations including 
patients with end stage chronic kidney disease.5 In this study, gamma-glutamyl transferase levels were independently 
related to left ventricular mass and inappropriate left ventricular mass in non-dialysis but not dialysis CKD patients 
(interaction p=0.020 to 0.036). Additionally, gamma-glutamyl transferase concentrations were related to E/e’ in all 
patients and to a similar extent in non-dialysis compared to dialysis patients. In ROC curve analysis, gamma-glutamyl 
transferase levels discriminated between patients with and without left ventricular hypertrophy (p=0.018) but not to 
a clinically reliable extent (AUC=0.653). Our results and previously reported data suggest that the association of gamma- 
glutamyl transferase concentrations with adverse cardiovascular outcomes in CKD may originate in oxidative stress 
induced left ventricular hypertrophy and impaired diastolic function.

As previously alluded to, the Na/K-ATPase oxidant amplification loop is strongly implicated in uremic 
cardiomyopathy.6 To our knowledge, whether the biomarkers that were evaluated in the present study impact the Na/ 
K-ATPase oxidant amplification loop is currently unknown.

The major limitation of this study is its cross-sectional design, which precludes drawing inferences about cause-effect 
relationships. The sample sizes were small in subgroups. Also, larger studies will be needed to determine whether intact 
parathyroid hormone and gamma-glutamyl transferase levels can be useful in identifying patients with uremic cardio
myopathy. We evaluated many relationships, but our conclusions are based on results obtained in comprehensively 
adjusted models.

In conclusion, uric acid, ferritin, albumin, parathyroid hormone and gamma-glutamyl transferase were associated with 
uremic cardiomyopathy characteristics and could be useful in their identification. Our findings merit validation in future 
longitudinal studies.

Ethics Statement
This study was performed according to the Helsinki Declaration of 1975 as revised in 2013. The study was approved by 
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