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ABSTRACT

Background. Aortic stiffness is one of the earliest signs of cardiovascular disease (CVD) in patients with chronic kidney
disease and an independent predictor of mortality. It is thought to drive left ventricular (LV) remodelling, an established
biomarker for mortality. The relationship between direct and indirect measures of aortic stiffness and LV remodelling is not
defined in dialysis patients, nor are the reproducibility of methods used to assess aortic stiffness using cardiac magnetic
resonance (CMR) imaging.

Methods. Using 3T CMR, we report the results of (i) the interstudy, interobserver and intra-observer reproducibility
of ascending aortic distensibility (AAD), descending aortic distensibility (DAD) and aortic pulse wave velocity (aPWV) in
10 haemodialysis (HD) patients and (ii) the relationship between AAD, DAD and aPWV and LV mass index (LVMi) and LV
remodelling in 70 HD patients.

Results. Inter- and intra-observer variability of AAD, DAD and aPWV were excellent [intraclass correlation (ICC) >0.9 for all].
Interstudy reproducibility of AAD was excellent {ICC 0.94 [95% confidence interval (CI) 0.78–0.99]}, but poor for DAD and
aPWV [ICC 0.51 (�0.13–0.85) and 0.51 (�0.31–0.89)]. AAD, DAD and aPWV associated with LVMi on univariate analysis
(b¼�0.244, P¼0.04; b¼�0.315, P<0.001 and b¼0.242, P¼0.04, respectively). Only systolic blood pressure, serum phosphate
and a history of CVD remained independent determinants of LVMi on multivariable linear regression.
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Conclusions. AAD is the most reproducible CMR-derived measure of aortic stiffness in HD patients. CMR-derived measures
of aortic stiffness were not independent determinants of LVMi in HD patients. Whether one should target blood pressure
over aortic stiffness to mitigate cardiovascular risk still needs determination.
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INTRODUCTION

The pathophysiological processes that drive cardiovascular dis-
ease (CVD) in patients with chronic kidney disease (CKD) and
end-stage renal disease (ESRD) are complex and multifactorial
[1, 2]. They lead to changes in cardiac structure and function, in-
cluding left ventricular (LV) hypertrophy (LVH), LV dilatation and
myocardial fibrosis, typically termed uraemic cardiomyopathy
[3]. The development of aortic stiffness is fundamental to the de-
velopment of LVH and uraemic cardiomyopathy, offsetting the
finely tuned coupling of the heart and arterial system (the ‘arte-
rial–ventricular interaction’) [4]. Aortic stiffening in patients with
CKD and ESRD occurs at an accelerated rate compared with the
normal ageing process and arteriosclerosis is the predominant
pathogenic process [4]; indeed, studies in patients with ESRD sug-
gest that accelerated vascular ageing directly affects cardiovascu-
lar outcomes [5]. The importance of aortic stiffness as a marker
of cardiovascular dysfunction in early-stage CKD is clear [6] and
is detectable before overt cardiac dysfunction [7]. Large studies in
dialysis patients show that increased aortic stiffness predicts out-
comes [5, 8–10] and suggest associations with increased LV mass
(LVM) and LV remodelling [11, 12].

The techniques used to measure aortic stiffness, however,
have been varied and not standardized. Aortic stiffness can be
measured non-invasively, directly with aortic distensibility (AD)
or indirectly with aortic pulse wave velocity (aPWV). Each of
these can be measured by a number of modalities, including car-
diac magnetic resonance (CMR) imaging, tissue Doppler or
mechano-transducer, and the relative pros and cons of these
have been discussed, including the reproducibility of these meas-
ures in healthy volunteers and in CKD disease populations [13].
None of these techniques have been validated against invasive
measures in patients with CKD. Although CMR-derived aPWV
measurement has been validated against invasive catheteriza-
tion in patients with coronary artery disease, CMR-derived meas-
ures of AD have not [14]. CMR is the established gold standard for
the assessment of cardiac structure and function [15]. Its proven
reproducibility in patients on dialysis [16] and multiparametric
capabilities make it an ideal platform to comprehensively pheno-
type cardiovascular function and disease in patients with renal
disease.

No study has assessed the reproducibility of CMR-derived di-
rect and indirect measures of aortic stiffness in prevalent dialy-
sis patients or assessed the relationship between LVH, LV
remodelling and measures of aortic stiffness using CMR. If these
measures were shown to be reproducible in this population, be-
cause they can be acquired as part of a comprehensive cardio-
vascular assessment using CMR, it would obviate the need for
these measures to be repeated using alternative non-invasive
methods for patients undergoing CMR either in a clinical trial or
as part of their clinical care.

The aims of this study were to assess the relationship between
aortic stiffness and LV remodelling and to characterize the deter-
minants of aPWV, ascending AD (AAD) and descending AD (DAD)
in patients on haemodialysis (HD). As aortic stiffness is a potential
therapeutic target in ESRD as a surrogate marker of outcome,

demonstrating the reproducibility of CMR-derived aPWV, AAD
and DAD in this population is of great importance. These analyses
were also undertaken and are presented in this study.

MATERIALS AND METHODS

The baseline CMR scans of 70 HD patients from the CYCLE-HD
trial (ISRCTN 11299707), assessing the effects of intradialytic ex-
ercise on cardiac structure, were analysed. Inclusion and exclu-
sion criteria are as previously described [17]. Demographic data,
medical comorbidity, dialysis vintage, haematological and bio-
chemical data were collected prospectively. Blood pressure (BP)
was measured non-invasively using a brachial cuff (Datex
Ohmeda GE S/5) 24 h after dialysis (on an interdialytic day) after
the patient had been resting for at least 30 min. The study was
given local research and ethics committee approval and written
informed consent was obtained prior to recruitment.

CMR image protocol

Complete LV and aortic functional analysis was undertaken on
a 3T CMR platform (Skyra, Siemens Medical Imaging, Erlangen,
Germany) with an 18-channel phased-array receiver coil.
Dialysis patients were scanned on non-dialysis days, not after
the ‘long-break’, with all scans conducted between 18 and 24 h
of the most recent dialysis to standardize fluid status. The CMR
protocols for acquiring cine imaging were as previously de-
scribed [18], conforming to internationally recognized standards
[19]. Briefly, electrographic gated breath-hold steady-state free
precession long-axis cine images in two-, three- and four-cham-
ber views were acquired. Short-axis cine images covering the
left ventricle 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 resolu-
tion 1.1� 1.5 mm to 1.3� 1.7 mm.

High temporal resolution, through-plane, phase-contrast
cines were acquired perpendicular to the ascending and
descending aorta at the level of the pulmonary artery bifurca-
tion, permitting calculation of transit time for aPWV (velocity
encoding 150 cm/s, slice thickness 5 mm, acquired temporal res-
olution 10 ms, typical field of view 400 mm, acquired spatial res-
olution 1.6� 1.6� 5 mm, repetition time 10.88 ms, echo time
3.13 ms). Sagittal-oblique cines of the ascending and descending
aorta were captured for distance measurement (Figure 1).
Steady-state free procession cines were taken at the pulmonary
artery bifurcation, perpendicular to the aorta to facilitate calcu-
lation of distensibility (Figure 1). Brachial BP was measured
concomitantly using an automated device for derivation of
pulse pressure (PP) (Datex Ohmeda GE S/5) and AD was calcu-
lated using the following formula, as previously described [13]:

ðmaximum aortic area�minimum aortic areaÞ
ðminimum aortic area � PPÞ
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CMR image analysis

Scans were analysed offline by blinded observers. A single
reader completed all LV structural and functional analysis
(M.P.M.G.-B.) and a separate independent reader completed
analysis of all aortic stiffness analysis (S.F.A.). Image quality
was assessed as being excellent, good, acceptable or poor.

LV analysis. LV analysis was completed using the software
package CMR42 (Circle Cardiovascular Imaging, Calgary, AB,
Canada). LV volume and LVM were quantified excluding papil-
lary muscles and trabeculations as previously described [20],
with epicardial and endocardial manually contoured on a con-
tiguous stack of multiphase ventricular short-axis cines (10–12
slices) at end diastole and end systole. Volumetric and LVM
data were indexed to body surface area.

Aortic stiffness. Measures of aortic stiffness were analysed us-
ing the semi-automated software package JIM version 6
(Xinapse Systems, Essex, UK) as previously described [21].

aPWV. Every ninth slice of the ascending and descending aorta
was manually contoured and propagated using the gradient
echo cine. Contouring every ninth slice was based on local expe-
rience that has yielded the most reliable propagation of con-
tours. Contours were mapped onto the phase-contrast cine
(Figure 1), allowing the temporal shift to be determined.
Contours that did not propagate well were manually adjusted.
The cut made to define the axial slice for the phase-contrast
sequences was superimposed on the sagittal–oblique cine and
the average distance was measured around the aortic arch
(Figure 1). aPWV was calculated as previously described [13, 21].

Aortic distensibility. The ascending and descending aortic borders
were manually contoured for every seventh slice and propa-
gated through the cardiac cycle (Figure 1). Contouring every sev-
enth slice was based on local experience that has yielded the
most reliable propagation of contours. PP, derived from brachial
BP taken during CMR, was imputed. AAD and DAD were calcu-
lated as previously described [13].

FIGURE 1: Assessment of aPWV and AD using two-dimensional phase-contrast CMR. For the aPWV 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). AD was calculated from axial

cine images by contouring the change in ascending and descending aortic area (d) and the PP measured simultaneously. AA, ascending aorta; DA, descending aorta.
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Reproducibility of aPWV, AAD and DAD

Interstudy repeatability was undertaken for the 10 HD patients
who underwent repeat CMR scans. These patients were
approached after their initial scan and gave separate consent to
undertake a further identical CMR scan within 14 days as per
study protocol. Interobserver variability was assessed by analy-
sis of 10 scans independently by two operators. Intra-observer
variability was assessed by reanalysis of 10 scans by the same
reader, 2 weeks apart. Despite the measures taken to ensure
consistency of volume status (scanning on a non-dialysis day
and not after the long-break) concerns remained that haemody-
namic status would be significantly different between scans,
which would affect cardiac loading. Changes in heart rate and
BP on interstudy scan visits were recorded to identify any
significant changes in haemodynamics. In addition, a change
in LV end-diastolic volume (DLVEDV) between scans was
taken as a surrogate marker of change in cardiac loading and
hydration status in HD patients. To identify the potential
influence of changes in volume status on CMR-derived
measures of aortic stiffness, relationships between changes in
cardiac loading and changes in measures of aortic stiffness
between scans were assessed. This is as in our previous work
describing the reproducibility of native T1 mapping in HD
patients [16].

Statistical analysis

Statistical analysis was performed using the Statistical Package
for Social Sciences, version 24.0 (IBM, Armonk, NY, USA). The
normality of data was determined by the Shapiro–Wilk test.
Normally distributed data were expressed as mean 6 standard
deviation (SD) and non-normally distributed data as median
(25th and 75th percentile). Paired t-tests were used to compare
differences between means of repeated measures. A two-tailed
P-value < 0.05 was considered statistically significant.

Determinants of aortic stiffness, LVM and LV
remodelling

For the purposes of regression, non-normally distributed data
was log transformed to normalize the data. Univariate and mul-
tivariable linear regression analyses were conducted to assess
the independent determinants of aortic stiffness and the ability
of aortic stiffness measures to determine LV structure and con-
centric remodelling [LVM index (LVMi) and LVM/volume ratio].

For the determinants of aortic stiffness, multivariable linear
regression was performed, with each stiffness parameter
(aPWV, AAD, DAD) as the dependent variable. Predetermined
variables known to influence aortic stiffness were included in
each model: age [22], systolic BP (SBP) [23], HD vintage [24], dia-
betes [25], CVD [26] and body mass index [27]. For testing the
associations of aortic stiffness with LV structure, multivariable
linear regression models were created for each parameter
(aPWV, AAD and DAD), due to high collinearity between meas-
ures of arterial stiffness. Associations with LVMi and the
LVM:volume ratio were assessed using the coefficient of deter-
mination (R2) to compare the strength of each regression model.
Covariates known to influence LV structure were included in
each model: age [28], SBP [29], serum phosphate [30], haemoglo-
bin [31] and CVD [32].

Variance inflation factors were calculated to test for multi-
collinearity between covariates.

Reproducibility study

Agreement between the techniques, operators and within-
operator techniques was quantified by intraclass correlation
(ICC) and appraised by Bland–Altman analysis. Reproducibility
was considered ‘excellent’ for ICC >0.90, ‘good’ for ICC between
0.80 and 0.89, ‘moderate’ for ICC between 0.60 and 0.79 and
‘poor’ for ICC <0.60. Pearson’s or Spearman’s correlations were
used to assess potential relationships between DLVEDV and
changes in aPWV, AAD and DAD (DaPWV, DAAD and DDAD) be-
tween scans to assess the possible effects on clinical changes in
cardiac loading and fluid status on CMR-derived measures of
aortic stiffness.

RESULTS

Baseline demographic details are shown in Table 1. aPWV, AAD
and DAD were analysable in 69 of 70 scans. Image quality for
sagittal–oblique aortic cine was excellent in 10, good in 32 and
acceptable in 27, and for phase-contrast images it was excellent
in 18, good in 30 and acceptable in 21. Contours propagated for
phase-contrast images (requiring no adjustment) in 62 of 69
scans, with a small amount of manual adjustment required in
seven scans. Image quality of aortic cines was excellent in 11,
good in 25 and acceptable in 33. Contours propagated for aortic
cine images in 64 of 69 scans, with a small amount of manual
adjustment required in 5 scans. LV structural and functional
analysis was possible in all 70 scans. Image quality for LV analy-
sis was excellent in 24, good in 39 and acceptable in 7.

Description of CMR-derived LV structure and function and
all measures of aortic stiffness are shown in Table 2. There was
a low level of collinearity (�2) and no significant non-linear
effects in all regression analyses.

Determinants of aortic stiffness. AAD {1.59 mmHg�1�10�3

[95% confidence interval (CI) 1.0–2.8] versus 2.62 mmHg�1�10�3

[1.6–4.5], P¼ 0.023} and DAD [1.95 mmHg�1�10�3 (95% CI 1.0–2.9)
versus 3.03 mmHg�1�10�3 (2.3–4.3), P¼ 0.005] were significantly
reduced in diabetic patients. AAD was reduced in patients
with CVD [1.63 mmHg�1�10�3 (95% CI 1.1–2.5) versus
2.62 mmHg�1�10�3 (1.5–4.4), P¼ 0.034]. There was no difference
in any measures of aortic stiffness between gender, ethnicity,
any other medical comorbidity and medication use. Univariate
associations with measures of aortic stiffness are shown in
Supplementary data, Appendix 1. Age and SBP were associated
with all measures of aortic stiffness, although diastolic BP (DBP)
or heart rate had no association. Multivariable determinants of
aortic stiffness are included in Supplementary data, Appendix
1. Only age and SBP were significant determinants of aortic stiff-
ness, independent of other, pre-specified, recognized
influences.

Relationship between measures of aortic stiffness, LV structure
and remodelling. All measures of aortic stiffness were associ-
ated with LVMi on univariate analysis (Table 3). SBP, DBP, PP,
CVD, haemoglobin and phosphate also associated with LVMi.
There were no differences in LVMi between gender, ethnicity,
those with diabetes or hypertension or in the use of medica-
tions such as angiotensin-converting enzyme inhibitors or sta-
tins. Overall, there were no significant associations between
any measure of aortic stiffness and LV concentric remodelling
(LVM:volume ratio). However, patients with a mass:volume ra-
tio >0.65 (n¼ 48) had significantly reduced AAD and DAD and
significantly increased aPWV when compared with patients
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with an LVM:volume ratio <0.65 (n¼ 22) [1.81 mmHg�1�10�3

(95% CI 1.0–3.3) versus 3.02 (1.6–4.8), P¼ 0.021;
2.49 mmHg�1�10�3 (95% CI 1.6–3.4) versus 3.37 mmHg�1�10�3

(2.3–5.1), P¼ 0.37; 8.19 mmHg�1�10�3 (95% CI 6.1–11.6) versus
6.12 mmHg�1�10�3 (5.2–10.1), P¼ 0.043, respectively].

Multivariable linear regression for each measure of aortic
stiffness against LVMi was performed (Table 4). After adjusting
for the variables in Model 1, aPWV and DAD remained

independent determinants of LVMi. Once SBP was included in
Model 2, none of the measures of aortic stiffness were signifi-
cant determinants. Phosphate and SBP remained significant in-
dependent determinants of LVMi in all regression models;
additionally CVD remained significant in the model including
AAD (Supplementary data, Appendix 2).

Reproducibility. The median time between interstudy scans
was 7 days (95% CI 5.2–9.5). Interstudy repeatability and inter-
and intra-observer variability for all measures of aortic stiffness
are shown in Table 5. For interstudy scans, all 10 subjects had
analysable data for AD, but only 7 patients had analysable scans
for aPWV. Analysis of Bland–Altman plots demonstrated no evi-
dence of systematic bias, with most data points within 95% CIs
(Figure 2).

There were no significant changes in LVEDV between scans
for interstudy scans (139.3 6 21 versus 138.4 6 27.8 mL, P¼ 0.9).
There was no significant relationship between DLVEDV and
DaPWV, DAAD or DDAD between scans (Figure 3). There were no
changes in SBP (143.1 6 42.5 versus 145.2 6 42.4 mmHg, P¼ 0.9),
DBP (66.3 6 21.6 versus 66 6 13.3 mmHg, P¼ 0.9), PP (76.8 6 27.2
versus 79.2 6 41.2 mmHg, P¼ 0.8) or heart rate (72.8 6 11.9 versus
73.1 6 10.8 bpm, P¼ 0.9) between interstudy scans.

DISCUSSION

This is the first study to describe and compare the reproducibil-
ity of AAD, DAD and aPWV in the same patients and the only
study to assess the reproducibility of these parameters in HD
patients. We have shown the reproducibility of AAD to be signif-
icantly better than DAD and aPWV when assessed by CMR, al-
though only seven patients had paired analysable interstudy
scans for aPWV. While this does suggest there may be impor-
tant limitations and difficulties in acquiring aPWV compared
with AD in HD patients, overall the analysability of aPWV scans
and AD scans was similar. It is reassuring that we were unable
to demonstrate any significant correlations between interstudy
changes in markers of cardiac loading and hydration status
(DLVEDV) and interstudy changes in aPWV, AAD or DAD
(DaPWV, DAAD or DDAD). This suggests the small clinical
changes that typically occur day to day in HD patients do not
significantly influence CMR-derived measures of aortic stiff-
ness, provided patients are scanned under the controlled condi-
tions we describe, that is, on a day between their dialysis
sessions and not after their long break.

Age and SBP were the only independent determinants of all
measures of aortic stiffness and the model was strongest for

Table 1. Characteristics of the total ESRD population (N¼70)

Variable Values

Age (years) 59 (46, 69)
Male, n (%) 51 (73)
Ethnicity, n (%)

White 29 (41)
BAME 39 (56)
Other 2 (3)

HD vintage (months) 19.5 (8.8, 48.5)
Previous transplant, n (%) 17 (24)
Active on transplant list, n (%) 18 (26)
BMI (kg/m2) 27 (24, 31)
SBP (mmHg) 144 6 37
DBP (mmHg) 66 6 17
PP (mmHg) 78 6 31
Heart rate (bpm) 73 (66, 80)
Ever smoked, n (%) 37 (57) (n¼65)
Pack-years 1 (0, 20) (n¼65)
Co-morbidity, n (%)

Type 2 diabetes 26 (37)
Hypertension 46 (66)
CVD 22 (31)

Heart failure 5 (7)
Coronary artery disease 14 (20)
Previous MI 4 (6)

Previous stroke 2 (3)
Haematology and biochemistry

Haemoglobin (g/L) 111.8 6 15.8
CRP (mg/L) (n¼69) 5 (5, 13)
Phosphate (mmol/L) 1.50 (1.3, 1.9)
Sodium (mmol/L) 136.2 6 2.7
URR (%) 76.1 6 6.6
PTH (pmol/L) 32.1 (12.1, 79.9) (n¼69)
HbA1c (%) 5.3 (4.9, 6.4) (n¼67)
Total cholesterol (mmol/L) 3.9 6 1.1

Medications, n (%)
Erythropoietin 55 (79)
Vitamin D supplement 52 (74)
Phosphate binder 55 (79)
Beta-blocker 29 (41)
ACEi/ARB 13 (19)
Diuretic 15 (21)
Alpha-blocker 14 (20)
Calcium blocker 27 (39)
Statins 39 (56)
NSAIDs 34 (49)
Insulin 14 (20)
Oral hypoglycaemia 8 (11)

Normally distributed data presented as mean 6 SD, non-normally distributed

data presented as median (25th, 75th percentile).

BAME, Black, Asian and minority ethnic; BMI, body mass index; MI, myocardial

infarction; CRP, C-reactive protein; URR, urea reduction ratio; PTH, parathyroid

hormone; HbA1c, haemoglobin A1c; ACEi/ARB, angiotensin-converting enzyme

inhibitor/angiotensin II receptor blocker; NSAIDs, non-steroidal anti-inflamma-

tory drugs.

Table 2. LV and aortic characteristics of the total population

Cardiac and arterial parameters Patients (n¼ 70)

aPWV (m/s) 7.72 (5.6, 10.9) (n ¼69)
AAD (mmHg�1�10�3) 2.19 (1.2, 3.8) (n¼69)
DAD (mmHg�1�10�3) 2.58 (1.8, 3.9) (n¼69)
LVEDV index (mL/m2) 81.9 (66.2, 105.9)
LV end-systolic volume index (mL/m2) 35.4 (26.8, 48.1)
LV stroke volume index (mL/m2) 45.1 (37.4, 55.6)
LV ejection fraction (%) 56.4 (50.7, 60.9)
LVMi (g/m2) 58.5 (48.2, 72.6)
LVM/volume ratio (g/mL) 0.71 6 0.14

Normally distributed data presented as mean 6 SD, non-normally distributed

data presented as median (25th, 75th percentile). LV indices indexed to body

surface area.
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AAD. This relationship between age, SBP and aortic stiffness is
supported by numerous studies in patients with ESRD, includ-
ing studies using CMR [33–36]. With ageing, progressive frag-
mentation of elastin fibres and cross-linking of collagen in the
tunica media leads to arteriosclerosis [37], and age-related
stiffening has been found to be marked most in the ascending
aorta, possibly as it has the highest concentration of elastin
and collagen [38]. We have shown that AAD and DAD were sig-
nificantly reduced in diabetic patients compared with non-dia-
betics, but aPWV was not significantly different between the
groups. This is contrary to a previous study where aPWW, AAD
and DAD were all shown to be different between type 2 dia-
betic patients and controls [26]. It is likely that this study and
our study are underpowered to detect a between-group differ-
ence in aPWV in diabetic patients and this should be assessed
in future, larger studies. We have also shown that AAD was
significantly increased in patients with CVD compared with
those without CVD, but no difference was seen between DAD
and aPWV. Although one might expect the measures of aortic
stiffness to be different in patients with and without a history
of CVD, this finding may be because the vascular remodelling
that occurs in ESRD is distinct from the processes of hyperten-
sion, normal ageing and drivers of CVD in the general popula-
tion. For example, dilatation of arterial lumens, intima–media
hypertrophy and alterations to intrinsic elastic properties of
the walls are significantly altered in patients with ESRD com-
pared with non-uraemic controls [39]. This is attributed to the

unique combination of traditional and non-traditional risk fac-
tors to which renal patients are subject, which may override or
alter the effects of CVD driven by traditional risk factors.

AAD, DAD and aPWV were all determinants of LVMi on uni-
variate analysis, but only SBP, CVD and phosphate remained in-
dependent determinants of LVMi on multivariable regression.
The ascending aorta has been described as the most clinically
relevant aortic area to predict age-related LVM in healthy sub-
jects [40], so it is somewhat surprising that AAD was not an in-
dependent determinant of LVMi in our participants. Stiffening
in the ascending aorta, versus more distal areas, should theoret-
ically have a more profound effect on LV structure due to its
higher elastin content and the buffering action that this affords
(the windkessel effect). The reasons we were unable to demon-
strate the independent effects of AAD on LVMi are unclear, but
may be because in prevalent HD patients, arteriopathy has pla-
teaued and other pathological mechanisms (including SBP) be-
come more influential. Further data are required to decide
whether strategies to reduce BP or strategies to directly target
aortic stiffness play a more important role in mitigating cardio-
vascular risk and these results should be viewed as hypothesis
generating. Indeed, it is unclear whether improvement of aortic
stiffness in patients with CKD is due to improvement in BP or
aortic remodelling [41], as hypertension and aortic disease are
intrinsically related. Certainly from these cross-sectional data it
is unclear whether SBP is high due to aortic stiffness or whether
aortic stiffness is driven by high SBP. The observation that
measures of aortic stiffness are not independent determinants
of LVMi might appear to be at odds with the results from previ-
ous studies [11, 42]. However, our results are in line with larger
studies of HD patients, which found no independent relation-
ships between carotid–femoral PWV (cfPWV) and LVMi [42, 43].
Importantly, these were all non-CMR studies and echocardiog-
raphy is known to overestimate LVM in HD patients, which may
account for the discrepancy between our results and smaller
studies that have used echocardiography [44].

It has been demonstrated in both CMR and non-CMR studies
that measures of aortic stiffness predict cardiovascular mortal-
ity in patients with advanced CKD and ESRD [5, 9]. There is also
a graded relationship between increased LVM and cardiovascu-
lar death [45]. However, there are no studies that directly report
the relationships between aortic stiffness, LVH, mortality and
cardiovascular events using CMR. Mark et al. [5] described a
weak but significant correlation between AAD and LVMi

Table 3. Univariate associations between LVMi and remodelling and aortic and clinical characteristics

Variable
LVEF (%) LVMi (g/m2)a LVM:volume ratio (g/mL)

b (SE) P-value b (SE) P-value b (SE) P-value

aPWV (m/s)a �0.125 (0.05) 0.30 0.242 (0.08) 0.04 0.095 (0.09) 0.44
AAD (mmHg�1�10�3)a 0.020 (0.02) 0.87 �0.244 (0.04) 0.04 �0.077 (0.05) 0.53
DAD (mmHg�1�10�3)a 0.063 (0.03) 0.61 �0.315 (0.05) <0.01 �0.005 (0.06) 0.97
Age (years)a 0.038 (0.06) 0.76 �0.032 (0.12) 0.79 �0.008 (0.12) 0.95
HD vintage (months)a �0.061 (0.02) 0.61 �0.040 (0.03) 0.74 �0.041 (0.04) 0.74
CVD 0.225 (0.02) 0.06 �0.250 (0.03) 0.04 �0.129 (0.04) 0.29
Haemoglobin (g/dL) �0.051 (<0.01) 0.68 �0.260 (<0.01) 0.03 0.072 (<0.01) 0.55
Phosphate (mmol/L)a �0.027 (0.06) 0.82 0.332 (0.12) <0.01 �0.013 (0.12) 0.92
SBP (mmHg) �0.090 (<0.01) 0.46 0.524 (<0.01) <0.01 0.117 (<0.01) 0.34
DBP (mmHg) �0.172 (<0.01) 0.15 0.387 (<0.01) 0.01 0.198 (<0.01) 0.10
PP (mmHg) �0.013 (<0.01) 0.91 0.442 (<0.01) <0.01 0.058 (<0.01) 0.63

b , standardized beta coefficient; SE, standard error; LVEF, LV ejection fraction.
aLog transformed data.

Table 4. Multivariable linear regression models to assess the ability
of aPWV, AAD and DAD to determine LVMia

Model R2 b (SE) P-value

Model 1b

aPWV (m/s)a 0.334 0.279 (0.04) 0.02
AAD (mmHg�1�10�3)a 0.314 �0.226 (0.05) 0.12
DAD (mmHg�1�10�3)a 0.360 �0.307 (0.05) <0.01
Model 2c

aPWV (m/s)a 0.440 0.155 (0.089) 0.23
AAD (mmHg�1�10�3)a 0.432 0.124 (0.058) 0.45
DAD (mmHg�1�10�3)a 0.428 �0.047 (0.063) 0.75

b, standardized beta coefficient; SE, standard error.
aLog transformed data.
bAdjusted for age, phosphate, haemoglobin and CVD.
cAdjusted for Model 1 þ SBP.
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(r ¼�0.21, P¼ 0.021) and AAD was an independent predictor of
survival. The relationship between LVM and outcome was not
reported, nor was it reported for any independent association
between AAD and LVH. It remains unclear whether LVMi or
measures of aortic stiffness are better predictors of outcome in
HD patients and future studies should seek to clarify this.

The explanation for AAD losing significance in the multivari-
able model before DAD and aPWV is not entirely clear. Redheuil

et al. [23] showed that the relationship between AD (assessed at
3T) and age is non-linear. In healthy patients, AD markedly
decreases before the age of 50 years and tended towards a
plateau while aPWV continued to increase. Our patients were
mostly >50 years of age and would be expected to have
accelerated vascular aging. You would therefore expect the
effect of AD on LVMi at this stage to be diminished compared
with aPWV. Another explanation might be that while we are

FIGURE 2: Bland–Altman graphs for interstudy repeatability of (a) aPWV, (b) AAD and (c) DAD; interobserver variability of (d) aPWV, (e) AAD and (f) DAD; and intra-ob-

server variability of (g) aPWV, (h) AAD and (i) DAD.

Table 5. Interstudy repeatability and inter and intra-observer variability of aPWV, AAD and DAD

Parameter (n¼ 10) Study 1 Study 2 ICC (95% CI) Bias 6 SD difference BA limits of agreement

Interstudy
aPWV (m/s) (n¼7) 8.19 6 3.5 8.91 6 4.5 0.51 (�0.31, 0.89) �0.19 6 2.37 �4.8, 4.5
AAD (mmHg�1�10�3) 2.49 6 1.72 2.85 6 2.0 0.94 (0.78, 0.99) �3� 10�4 6 �6�10�4 �2� 10�3, 9� 10�4

DAD (mmHg�1� 10�3) 3.20 6 2.7 3.41 6 1.9 0.51 (�0.13, 0.85) �2� 10�4 6 2� 10�3 �0.005, 4� 10�3

Interobserver
aPWV (m/s) 9.35 6 4.8 9.18 6 4.7 0.99 (0.99, 1.00) 0.17 6 0.22 �0.3, 0.6
AAD (mmHg�1�10�3) 2.63 6 1.8 2.68 6 1.8 0.99 (0.99, 0.99) 7.9�10�4 6 2.6� 10�3 �4� 10�3, 6� 10�3

DAD (mmHg�1�10�3) 3.47 6 2.6 3.45 6 2.6 0.99 (0.99, 1.00) 1.73e�005 6 2��4 �2.7� 10�4, 3� 10�4

Intra-observer
aPWV (m/s) 9.35 6 4.8 9.27 6 4.9 0.99 (0.98, 0.99) �0.08 6 0.35 �0.8, 0.6
AAD (mmHg�1�10�3) 2.63 6 1.8 2.93 6 1.9 0.97 (0.88, 0.99) 3� 10�4 6 4� 10�4 �6� 10�4, 1.2� 10�3

DAD (mmHg�1�10�3) 3.47 6 2.6 4.01 6 2.9 0.94 (0.77, 0.98) 5� 10�4 6 9� 10�4 �1.4� 10�3, 2.5� 10�3

Data are presented as mean 6 SD. BA, Bland–Altman.
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considering AAD, DAD and aPWV as surrogates of aortic
stiffness, they may have discrete and differing roles in the path-
ogenesis of CVD-related outcomes. Although the study does not
include patients with CKD, the Dallas Heart Study showed that
aPWV predicted extracardiac vascular events, such as stroke,
but AAD predicted non-fatal cardiac events [46]. It is possible
that this is true in patients with CKD and the assessment of
both measures may yield complementary rather than duplicat-
ing information.

Our data did not show any independent relationship be-
tween concentric remodelling and measures of aortic stiffness.
However, the interaction between aortic stiffening and LV
remodelling is supported by biological plausibility and the ob-
servation that AAD and DAD were significantly reduced and
aPWV significantly increased in patients with LVM/LVEDV

>0.65 compared with those with LVM/LVEDV <0.65. This finding
was not a pre-specified analysis, however, and should be
viewed as explorative. Serum phosphate is known to closely
regulate medial vascular smooth muscle growth and calcifica-
tion and has long been proposed as a mediator of increased ar-
terial stiffness. The finding that phosphate was an independent
determinant of LVMi above the ability of aPWV is as previously
reported in a study of CKD patients using CMR [47].

Limitations

This study was cross-sectional in design and causality cannot
be inferred from the results we present. We did not directly
compare CMR measures of aortic stiffness with more traditional
non-invasive methods such as cfPWV. The sample size we have
reported is relatively small, but we limited covariates for regres-
sion models to try to avoid overfitting. While this study offers
important information about the reproducibility of and the rela-
tionship between measures of aortic stiffness and LVMi, we
have not assessed any relationships with mortality or cardio-
vascular events. This study was conducted at 3T and the results
are not necessarily generalizable to studies at 1.5T. To deter-
mine the PP for the calculation to derive AD, we used brachial
PP taken at the time of aortic cine during the CMR scan as a
proxy for central PP. Some studies have used estimated carotid
artery PP as a closer approximation of central PP, derived from
brachial BP using calibrated tonometric devices such as
SphygmoCor. However, while both brachial and calibrated cen-
tral pressures underestimate invasively measured central BP,
this deviation has been shown to be consistently greater in the
SpygmoCor. Nevertheless, absolute differences in brachial BP
and carotid artery BP derived from devices such as SphgmoCor
are likely to be small [48]. Although BP was measured on an
interdialytic day, after 30 min of rest, the gold standard of am-
bulatory BP monitoring was not used to assess BP. While the re-
producibility of aPWV was worse than AAD, interstudy scans
for aPWV were only possible in 7 of 10 scans. While this does,
potentially, give important information about the technique re-
liability, it would have been ideal to have completed 10 inter-
study reproducibility scans for all patients.

CONCLUSION

Our study shows that AAD is the most reproducible CMR-
derived measure of aortic stiffness in HD patients. All measures
of CMR-derived aortic stiffness were determinants of LVMi, but
not independent of BP. Future studies should compare the
abilities of AAD, DAD and aPWV to predict hard outcomes
in patients with CKD and ESRD and assess the relationship
between modifications of these parameters and changes in
outcomes in interventional studies.
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FIGURE 3: Correlations between interstudy change in (A) DLVEDV and DaPWV,

(b) DLVEDV and DAAD and (c) DLVEDV and DDAD.
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