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Magnetic resonance tissue phase mapping demonstrates altered
left ventricular diastolic function in children with chronic
kidney disease
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Abstract
Background Echocardiographic examinations have re-
vealed functional cardiac abnormalities in children with
chronic kidney disease.
Objective To assess the feasibility of MRI tissue phase map-
ping in children and to assess regional left ventricular wall
movements in children with chronic kidney disease.
Materials and methods Twenty pediatric patients with chronic
kidney disease (before or after renal transplantation) and 12
healthy controls underwent tissue phase mapping (TPM) to
quantify regional left ventricular function through myocardial
long (Vz) and short-axis (Vr) velocities at all 3 levels of the left
ventricle.
Results Patients and controls (age: 8 years—20 years) were
matched for age, height, weight, gender and heart rate. Patients
had higher systolic blood pressure. No patient had left ventricular
hypertrophy on MRI or diastolic dysfunction on echocardiogra-
phy. Fifteen patients underwent tissue Doppler echocardiogra-
phy, with normal z-scores for mitral early diastolic (VE), late
diastolic (VA) and peak systolic (VS) velocities. Throughout all

left ventricular levels, peak diastolic Vz and Vr (cm/s) were re-
duced in patients: Vzbase -10.6±1.9 vs. -13.4±2.0 (P<0.0003),
Vzmid -7.8±1.6 vs. -11±1.5 (P<0.0001), Vzapex -3.8±1.6 vs. -
5.3±1.6 (P=0.01), Vrbase -4.2±0.8 vs. -4.9±0.7 (P=0.01),
Vrmid -4.7±0.7 vs. -5.4±0.7 (P=0.01), Vrapex -4.7±1.4 vs. -
5.6±1.1 (P=0.05).
Conclusion Tissue phase mapping is feasible in children and
adolescents. Children with chronic kidney disease show sig-
nificantly reduced peak diastolic long- and short-axis left ven-
tricular wall velocities, reflecting impaired early diastolic fill-
ing. Thus, tissue phase mapping detects chronic kidney
disease-related functional myocardial changes before overt
left ventricular hypertrophy or echocardiographic diastolic
dysfunction occurs.
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Introduction

Death from cardiovascular causes largely accounts for the
significant increase in mortality of patients with chronic kid-
ney disease [1, 2]. This is especially true for young adults with
childhood-onset chronic kidney disease [3], even though they
do not have classical risk factors such as atherosclerosis or
diabetes. Early identification and prevention of chronic kidney
disease-related cardiovascular changes is, therefore, an impor-
tant part of improving patient outcomes [4].

Left ventricular hypertrophy is a well-established risk marker
in this population, which confers an increased risk for cardiovas-
cular events and mortality [5, 6]. Children and adolescents with
renal disease have been shown to have a high incidence of overt
left ventricular hypertrophy, especially if undergoing renal re-
placement therapy [7, 8] but also in milder stages of chronic
kidney disease [9]. Also, echocardiographic studies have dem-
onstrated several functional abnormalities including both diastol-
ic [10–12] and systolic contractile dysfunction [13–16]. Regional
diastolic long-axis velocities, which are closely correlated to di-
astolic function independently of loading conditions [17], have
also been measured by tissue Doppler imaging in this group
suggesting diastolic dysfunction [18–21]. However, ventricular
wall motion on tissue Doppler echocardiography cannot be
assessed in all parts of the left ventricle, nor in all directions
(along the short axis, long axis and rotational motion) and is
hampered by low reproducibility [22].

Magnetic resonance tissue phasemapping is a relatively novel
technique to accurately track wall motion throughout the cardiac
cycle with high temporal resolution; additionally, it maps all
directions of the Cartesian and intracardiac coordinate system
in all parts of the ventricles [23]. Spatial resolution of tissue phase
mapping has improved over time to enable imaging of smaller
subjects with an acceptable scan time. However, experience of
tissue phase mapping in children is only just emerging [24, 25]
and published studies have included patients around the age of
50 [26–30] and volunteers only from the age of 19 years [31–34].
Also, tissue phase mapping has not been previously used in
patients with renal insufficiency.

This study sought to establish whether tissue phase mapping
measurements are feasible in children and adolescents and to
quantify motion abnormalities seen in a chronic kidney disease
population without other cardiovascular risk factors in order to
isolate changes that are attributable to uremic cardiomyopathy.

Material and methods

Patients and controls

Patients were children and adolescents with chronic kidney
disease stage 3 or higher (i.e. with an estimated glomerular
filtration rate [GFR] below 60 ml/min*1.73 m2) and/or who

had undergone renal transplantation. None was on dialysis.
The control population consisted of healthy children without
a history or symptoms of cardiovascular or pulmonary dis-
ease. All volunteers had normal blood pressure at the time of
MRI and no history of hypertension or renal disease. All par-
ticipants were in sinus rhythm. The presence of functional and
structural anomalies of the heart, cardiac valves and great
vessels was an exclusion criterion. Additionally, children with
pacemakers or other metallic foreign bodies were excluded.
Prior written informed consent was obtained from all parents
(and adolescents where appropriate). The study procedures
were in accordance with the 1964 Declaration of Helsinki
and its later amendments and the study protocol was approved
by the ethics committee of the University of Freiburg and
registered in the German registry of clinical trials (Deutsches
Register Klinische Studien, trial no. DRKS00003295).

MR imaging technique and data analysis

Cardiac magnetic resonance scans were performed without
sedation or application of contrast medium on a 1.5-Tesla
scanner (TIM-Symphony; Siemens, Erlangen, Germany).
Details of cardiac MRI acquisition for left ventricular mass
and volume measurements have been described before [35].
In addition, three short-axis slices were acquired at basal,
midventricular and apical levels with a black-blood pre-
pared prospectively echocardiogram-gated gradient-echo
tissue phase mapping sequence with the following settings:
repetition time (TR) 5.1 ms, echo time (TE) 4.2 ms, slice
thickness 8 mm, temporal resolution 24.4 ms, matrix
160 × 80, spatial resolution 2.0 × 3.1 mm2 (interpolated to
2.0 × 2.0 mm2), velocity sensitivity venc 0.2 and 0.3 m/s for
in-plane and through-plane encoding, respectively. The
slices were positioned on a long-axis view about 25% (bas-
al), 50% (mid) and 75% (apical) of the distance between
valve plane and apex. Through-plane motion cannot be tak-
en into account. Spatiotemporal k-t GRAPPA (Generalized
Autocalibrating Partially Parallel Acquisition) with a re-
duction factor of 5 was used for acceleration of data acqui-
sition [36], yielding a scan time of 16–20 s (depending on
heart rate) during breath-hold.

After manual tracing of the epi- and endocardial contours,
data were further processed with a tool developed in Matlab
(TheMathWorks, Natick, MA) to convert velocity components
from a Cartesian coordinate system into an internal polar coor-
dinate system positioned at the center of the left ventricle. Thus,
radial velocity (short-axis contraction and expansion), circum-
ferential velocity (short-axis rotation) and long-axis velocity
(long-axis shortening and lengthening) could be computed over
the entire cardiac circle (Fig. 1). For each velocity, the peak
velocity and time-to-peak were calculated for systole and dias-
tole. For regional analysis, velocity components were either
determined over the appropriate slice (base, midventricular or
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apex) or the corresponding segment in the 16-segmentmodel of
the heart of the American Heart Association [37]. For easier
visualization, results of the 16-segment model are displayed as
bull’s-eye plots (Fig. 1).

Echocardiography

On the same day as cardiac MRI, a 2-D-guided M-Mode echo-
cardiography was performed in 15 patients according to the stan-
dards of the American Society of Echocardiography [23] by an
examiner with extensive experience in echocardiography (RA,
22 years) on aVivid 7Dimension cardiovascular US system (GE
Healthcare,Milwaukee,WI). Pulsed-wave Doppler studies at the
tip of the mitral valve leaflet included mitral valve peak flow
velocity in the early diastole (E) and peak velocity at atrial con-
traction (A). Additionally, the ratio between them (E/A) was
calculated and normal values applied to screen for diastolic dys-
function [38, 39]. To quantify longitudinal myocardial function,
color-coded tissue velocity cine loops were acquired from the
apical four-chamber view. Narrow scan sectors were used to
achieve a rate of 180–240 color Doppler frames per s and
Nyquist limits were adjusted for each loop according to the actual
velocity range. Cine loops were stored digitally and analyzed off-
line (EchoPAC Dimension 6.1; GE Healthcare Technologies
Ultrasound, Horten, Norway). The following parameters were
extracted from the lateral left ventricular wall, close to the mitral
valve anulus: peak systolic (VS), early diastolic velocity (VE),
and late diastolic velocity (VA) and corresponding reference
values applied for z-score calculation [40].

Clinical measurements

Patients presented for clinical examination, echocardiography,
blood pressure and laboratory measurement on the same day as
the cardiac MRI. The following blood parameters were mea-
sured: serum creatinine, cystatinC, bound urea nitrogen, standard
blood count and electrolytes, parathyroid hormone, 25-OH-
Vitamin D, N-terminal pro brain natriuretic peptide, renin and

aldosterone (in supine position). Spot urines were used to quan-
tify proteinuria as total protein/creatinine ratio. A large up-to-date
German reference study was used for normal values of clinic
blood pressure and anthropometric measurements [41].

Statistics

Shapiro-Wilk testing revealed normal distribution for the great
majority of velocity parameters (except Vz systolic time-to-
peaks); thus, parametric statistics were used. Group compari-
sons were made using the chi-square test for categorical var-
iables and unpaired Student’s t-test for continuous variables.
Corrected P-values were adjusted for multiple testing of sys-
tolic and diastolic Vz and Vr amplitudes at 3 heart levels using
the bootstrap method of Storey and Tibshirani with 100,000
resamples. Correlations are quantified by giving Spearman’s
rank order correlation coefficient. Throughout, P-values less
than 0.05 were considered significant. Statistical analyses
were performed using SAS V9.4 (SAS Institute, Cary, NC).

Results

Patient characteristics

Twenty-eight patients consented to take part in the study after
meeting the inclusion criteria; however, two patients withdrew
due to unexpected claustrophobia in the scanner. Six studies
were not analyzable for technical reasons or because of mo-
tion artifacts. Patients with incomplete studies did not differ
with respect to age or gender to the rest of the patients (mean
age: 15.2±2.2 vs. 13.3±2.9 years; 50% vs. 55% females).

Anthropometric data of patients and controls are compared
in Table 1 and did not differ. Despite antihypertensive treat-
ment in 16 patients (80%), mean systolic blood pressure was
still higher in the patient group (Table 1). Ambulatory blood
pressure measurement revealed uncontrolled hypertension in
only 2 patients (10%) with group mean 24-h blood pressure

a bFig. 1 Models of the left
ventricle. a A schematic
illustrates radial/short-axis (Vr),
long-axis (Vz) and rotational
velocities (Vφ). b A bull’s-eye
plot shows 16 segments of the left
ventricle according to the
American Heart Association
model
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114/66mmHg (mean z-score: +0.22/−0.13). Calcium channel
antagonists were taken by 12 patients, angiotensin converting
enzyme inhibitors or angiotensin II antagonists by 11, β-
blockers by 9 and diuretics by 4 patients.

The underlying renal disease was congenital hypoplasia/
dysplasia of the kidneys in 8 patients (40%), glomerular dis-
ease in 7 cases (35%) and tubulointerstitial or cystic disease in
5 (25%). Mean creatinine clearance was 50 ± 23 ml/
min*1.73 m2 among pre-transplant patients and 65±24 among
transplanted patients (not significant). Mean protein/creatinine
ratio in spot urine was 0.47±0.61 g/g (0.06–2.03), with 6 chil-
dren (30%) having small proteinuria and 1 nephrotic-range pro-
teinuria (5%). Seven patients (35%) were treated for renal ane-
mia, with mean hemoglobin of 12.3±1.4 g/dl (9.7 to 14.4 g/dl).
Thirteen patients (65%) had undergone kidney transplantation,
all of whom received immunosuppression with a calcineurin
inhibitor and mycophenolate mofetil, and 9 also received
corticosteroids.

Conventional assessment of cardiac function

In a conventional cardiac MRI performed immediately prior to
tissue phase mapping, there was no difference between patients
and controls regarding left ventricular mass, end-diastolic and
end-systolic volume, ejection fraction and cardiac output
(Table 1) aswell as the corresponding z-scores (data not shown).
None of the patients had left ventricular hypertrophy (mean left
ventricular mass z-score: 0.36±0.89 [−1.1 to 1.86]) as defined
by normal values by Kawel-Boehm et al. [42]. One patient had

reduced ejection fraction on cardiac MRI (mean: 65.4±7.6%,
range: 40.0–75%).

Same-day echocardiography showed a mildly reduced ejec-
tion fraction in 2 patients (mean: 66.2±6.0%, range: 52.0–75.0).
Importantly, no patient had evidence of diastolic dysfunction on
pulse wave Doppler (mean mitral E/A ratio: 1.99±0.35, range:
1.39 to 2.64) [39]. Tissue Doppler imaging was available for 15
patients, who did not differ in age, height, weight, renal function
or transplantation status from 5 patients in whom it had not been
performed. Only one patient had amitral VE z-score value below
the normal range, but all other values did not show evidence of
diastolic dysfunction (mean mitral VE z-score: −0.50±1.13,
range: −2.57 to 1.77 mitral VA z-score −0.26±0.83, range:
−1.59 to 1.34 and mitral VS z-score 0.09±0.96, range: −1.80
to 1.64, no significant differences).

Comparison of tissue phase mapping in patients vs.
controls

The most prominent difference between patients and controls
were smaller peak diastolic velocities both in the short and
long-axis direction and at base, midventricular and apical level
(Table 2). Figure 2 shows the differences of peak diastolic
velocities in each of the 16 segments of the left ventricle.
Even though some segments did not reach statistical signifi-
cance, there is no clear pattern of sparing. The peak systolic
short-axis velocities were also significantly reduced at base
and midventricular level, but this did not remain significant
after adjusting for multiple testing (Table 2). There were no

Table 1 Anthropometric
characteristics and left ventricular
volume measurements on cardiac
MRI, mean ± standard deviation
(range) of patient and control
groups

Patients (n=20) Controls (n=12)

Female n=11 (55%) n=8 (67%)

Age (years) 13.3±2.86 (8.26 to 17.7) 13.3±4.01 (9.16 to 19.9)

Height (cm) 152±15.7 (124 to 174) 154±13.9 (135 to 173)

Weight (kg) 47.8±16.4 (25.3 to 75.2) 47.3±15.8 (25.0 to 77.0)

BSA (m2) 1.41±0.31 (0.96 to 1.90) 1.41±0.30 (0.97 to 1.92)

BMI (kg/m2) 20.1±3.62 (14.7 to 27.2) 19.4±3.50 (13.5 to 25.7)

Heart rate (min−1) 73.7±12.2 (56 to 100) 79.1±13.7 (53 to 100)

Systolic BP (mm Hg) 118±13.4* (100 to 152) 105±9.95 (90 to 122)

Diastolic BP (mm Hg) 63.1±9.8 (47 to 90) 59.4±6.53 (49 to 71)

Pulse pressure (mm Hg) 54±11.4** (34 to 90) 45.3±8.4 (30 to 58)

Systolic BP z-score 0.62±1.08** (−0.53 to 3.83) −0.37±1.05 (−2.7 to 1.50)
Diastolic BP z-score −0.53±1.41 (−2.80 to 3.35) −0.98±0.92 (−2.4 to 0.20)
LV mass per BSA (g/m2) 60.8±11.8 (42.7 to 84.3) 56.3±9.49 (44.6 to 69.7)

LVend diastolic volume per BSA (ml/m2) 73.3±11.6 (49.6 to 99) 73.2±9.49 (56.2 to 91.6)

LVend systolic volume per BSA (ml/m2) 25.5±7.88 (15 to 49.9) 27.4±6.99 (16.2 to 43.8)

Cardiac output per BSA (ml/min per m2) 3.48±0.83 (2.41 to 5.33) 3.42±0.88 (1.8 to 4.94)

LVejection fraction (%) 65.4±7.61 (39.8 to 75.2) 62.8±6.17 (52.2 to 71.2)

BMI body mass index, BP blood pressure, BSA body surface area, LV left ventricular

*P<0.01, ** P<0.05 compared to controls
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a

b

Fig. 2 Comparison of
measurement in control subjects
and in patients in the 16 segments
of the left ventricle. a–b Diastolic
amplitudes (cm/s) of ventricular
wall motion in the direction of the
long axis (Vz; a) and short axis
(Vr; b). * P< 0.05, ° P= 0.05, ^
0.06 <P< 0.09

Table 2 Systolic and diastolic
amplitudes, mean ± standard
deviation, in cm/s of ventricular
wall motion in the direction of the
long axis (Vz) and short axis (Vr)
at heart base and apex as well as
midventricular level

Peak velocities Patients (n=20) Controls (n=12) P-value1 Adjusted P-value1

Systolic Vz base 6.03±2.4 6.81±1.9 0.34 0.96

mid 4.95±1.5 5.76±1.8 0.17 0.75

apex 3.45±1.0 3.88±1.5 0.33 0.95

Vr base 2.95±0.4 2.60±0.2 0.005 0.13

mid 2.89±0.5 2.62±0.2 0.04 0.45

apex 2.31±0.5 2.35±0.3 0.79 0.34

Diastolic Vz base −10.6±1.9 −13.4±2.0 0.0003 0.0035

mid −7.8±1.6 −11±1.5 <0.0001 0.0007

apex −3.8±1.6 −5.3±1.6 0.01 0.11

Vr base −4.2±0.8 −4.9±0.7 0.01 0.10

mid −4.7±0.7 −5.4±0.7 0.01 0.096

apex −4.7±1.4 −5.6±1.1 0.05 0.34

1P-values are for Student t-test and adjusted P-values are corrected for multiple testing using the bootstrap method
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significant differences between patients and controls in the
rotational velocities (Vφ) or in the time-to-peak (time-to-
peaks) of all velocities on all heart levels.

Correlations of peak velocities and time-to-peak

Systolic and diastolic peak velocities in all three directions did
not correlate to age, height, weight or body surface area in
patients and controls. Systolic short-axis peak velocities cor-
related with blood pressure and pulse pressure (Table 3); how-
ever, diastolic peak velocities and systolic long-axis and rota-
tional peak velocities did not correlate to blood pressure or
heart rate. In terms of the time to reach peak velocities, all
diastolic time-to-peaks showed a strong negative correlation
to heart rate (r=−0.60 to r=−0.76, all P<0.0001), and con-
sequently also to age, height, weight and body surface area
(r=0.40 to 0.70, P<0.0001 to 0.02). The systolic time-to-
peaks were correlated to heart rate less closely (r=−0.33 to
r=−0.53) and correlations to anthropometric measures were
also less consistent.

Correlation of velocities to left ventricular dimensions
in patients

Diastolic peak long-axis and short-axis velocities showed sig-
nificant correlations to cardiac MRI measurements of end-
diastolic volume and left ventricular mass in patients
(Table 4), but not to pro-brain natriuretic peptide. Diastolic
time-to-peaks in short- and long-axis direction correlated sig-
nificantly with pro-brain natriuretic peptide (r = 0.56 to
r=0.76, P=0.002 to 0.04). However, age may be a confound-
er here as pro-brain natriuretic peptide falls with age and was
correlated to heart rate (r=0.64, P=0.02). Indeed, multiple
regression analysis testing all parameters that were significant-
ly correlated in univariate analysis, revealed that only the in-
fluence of heart rate, but not pro-brain natriuretic peptide,
remained significant in models for diastolic time-to-peaks.

Correlation to kidney disease and blood pressure
in the patient group

To explore the effects of the underlying renal disease with the
decreased diastolic and systolic amplitudes found in patients, we

analyzed correlations to disease parameters. Diastolic long-axis
amplitudes were significantly correlated to both proteinuria and
renin/aldosterone ratio (Table 5), but not consistently to renal
function. Short-axis diastolic amplitudes did not correlate to renal
function or proteinuria. Both long- and short-axis diastolic am-
plitudes were not correlated to pro-brain natriuretic peptide, re-
nin, aldosterone, serum electrolytes or measures of renal anemia
and secondary hyperparathyroidism.

While systolic short-axis peak velocities (which correlated
to blood pressure at time of cardiac MRI in the whole group)
also correlated to clinic blood pressure (taken several hours
earlier) in the patients, they did not correlate to any of the 24-h
blood pressure parameters (started in the evening of cardiac
MRI examination). Indeed, the correlation of short-axis peak
systolic velocities was stronger in controls than in patients.
Systolic amplitudes were not correlated to renal function, pro-
teinuria, pro-brain natriuretic peptide, renin, aldosterone, elec-
trolytes, renal anemia or secondary hyperparathyroidism.

Discussion

Cardiovascular events are the leading cause of mortality in pa-
tients with both childhood- and adult-onset end-stage renal fail-
ure [1, 3]. Cardiovascular changes in these patients result from a
combination of hypertension, fluid overload, abnormalities of
calcium-phosphate metabolism and uremic toxins [41].
Uremic cardiomyopathy is a distinct, but not fully understood
entity, which is difficult to study in adults as atherosclerotic and
diabetic changes often coexist [43]. Traditionally, left ventricular
mass is used as the main parameter to reflect cardiovascular
damage in chronic kidney disease patients. However, uremic
cardiomyopathy probably starts prior to overt left ventricular
hypertrophy and MR spectroscopy has shown altered myocar-
dial structure and decreased systolic function in pediatric chronic
kidney disease patients [44].

This study assesses magnetic resonance tissue phase map-
ping as a novel tool to characterize cardiac wall motion with
high spatial and temporal resolution in children with chronic
kidney disease. Despite extending a normal cardiac MRI ex-
amination by about 15 min and three breath-hold maneuvers,
tissue phase mapping was feasible without sedation in chil-
dren as young as 8 years old. From personal experience, the

Table 3 Spearman"s rank order
correlation coefficients (r) and
corresponding P-values of
systolic short-axis (Vr) peak
velocities to blood pressure
parameters

Peak velocities Systolic blood pressure Diastolic blood pressure Pulse pressure

Systolic Vr base r 0.46 0.30 0.42

P-values 0.008 0.094 0.018

mid r 0.47 0.28 0.56

P-values 0.006 0.13 0.001

apex r 0.23 0.22 0.35

P-values 0.22 0.23 0.047
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ability to cooperate withMRI examinations is more dependent
on the individual child’s cooperation than age. In line with
this, dropouts were not significantly younger than patients
with successful exams.

Previous studies have reported significant variation of
tissue phase mapping findings with age and gender [33].
The healthy children reported here also showed signifi-
cantly different peak velocities to adults and a high cor-
relation of heart rate to time-to-peaks, underlining the
need for a well-matched control group. Patient and control
groups were well-matched for age, gender, height, weight
and body surface area. Patients had higher systolic blood
pressure despite antihypertensive treatment, but systolic
blood pressure only correlated with systolic peak short-
axis velocities but not to any diastolic velocities, which

were the most prominent difference between patient and
control groups; therefore, we feel it does not influence the
main results.

The current group of children and adolescents with
chronic kidney disease had significantly decreased peak
diastolic short- and long-axis velocities compared to
healthy controls. Decreased diastolic peak wall velocities
represent diastolic dysfunction with reduced early diastol-
ic filling, as they correlate well with peak early filling
velocity in the isovolumic relaxation period [38, 39].
Previous echocardiographic studies have described dia-
stolic dysfunction in children on dialysis or after trans-
plantation [10, 18, 21] and more recently using advanced
tissue Doppler or 2-D speckle tracking strain echocardi-
ography also in children with chronic kidney disease [15,
20, 45–47]. A current study by Han et al. [48] also found
diastolic dysfunction to be an independent predictor of
cardiovascular events in adults with end-stage renal dis-
ease, even in the absence of diastolic heart failure or
systolic dysfunction. As tissue phase mapping demon-
strates diastolic changes in our cohort with normal echo-
cardiographic diastolic function, we think that it is prob-
ably more sensitive for detecting diastolic dysfunction
than conventional echocardiography.

In terms of determining main causative factors, the
alterations of diastolic velocities did not correlate to
blood pressure, left ventricular mass or anthropometric
measures and therefore do not appear to be caused by
hypertension per se. Rather, the fact that diastolic peak
short-axis velocities correlated to proteinuria suggests
that the kidney disease itself contributes, i.e. that these
changes represent early alterations of uremic cardiomy-
opathy before left ventricular hypertrophy is seen. The
more pronounced alteration of long-axis compared to
short-axis velocities was also reported in one tissue
phase mapping study of obese subjects and echocardio-
graphic studies on asymptomatic patients and those with
subclinical diabetic heart disease [26, 45, 46], suggest-
ing that radial contraction can compensate for reduced
longitudinal contraction in mild stages of diffuse

Table 4 Spearman"s rank order correlation coefficients (r) and
corresponding P-values of diastolic long-axis (Vz) and short-axis (Vr)
peak velocities to left ventricular dimensions1

Peak velocities nEDV nLVM

Diastolic Vz base r −0.59 −0.45
P-values 0.008 0.056

mid r −0.56 −0.46
P-values 0.012 0.049

apex r −0.49 −0.51
P-values 0.035 0.025

Diastolic Vr base r −0.46 −0.25
P-values 0.046 0.31

mid r −0.41 −0.39
P-values 0.08 0.098

apex r −0.62 −0.69
P-values 0.005 0.001

nEDV left-ventricular end-diastolic volume normalized to body surface
area, nLVM left-ventricular mass normalized to body surface area
1Note that correlations are negative because diastolic amplitudes are giv-
en as negative values. Thus, a smaller amplitude will mean a larger nu-
merical value

Table 5 Spearman"s rank order
correlation coefficients (r) and
corresponding P-values of
diastolic long-axis (Vz) peak
velocities to renal function,
proteinuria and aldosterone/renin
ratio

Peak velocities Creatinine
clearance

Urinary protein/
creatinine ratio

Aldosterone/
Renin ratio

Diastolic Vz base r 0.17 −0.59 0.67

P-values 0.46 0.013 0.023

mid r 0.49 −0.54 0.64

P-values 0.027 0.025 0.035

apex r 0.37 −0.37 −0.05
P-values 0.11 0.14 0.89
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myocardial disease. Thus, even though the causal role
of chronic kidney disease is extremely likely due to the
lack of comorbidities in this cohort, the pattern of
changes is unspecific.

In addition to the diastolic changes, patients also had small-
er peak systolic short-axis velocities than controls at base and
midventricular level. However, this was less pronounced and
did not remain significant after adjusting for multiple testing.
Also, the systolic short-axis velocities were correlated to
blood pressure in both patients and controls, but not to
markers of renal disease. Therefore, because patients had
higher blood pressure, we interpret the decreased systolic ve-
locities as a reflection of current blood pressure rather than
being related to chronic kidney disease.

The time course of systolic and diastolic contraction and
relaxation, assessed as time-to-peak velocity, did not differ
between patients and controls. Even though there was a con-
sistent correlation of diastolic times-to-peak to pro-brain na-
triuretic peptide, this most likely reflects a common correla-
tion of both to heart rate. Also, clinical usefulness of pro-brain
natriuretic peptide is limited in this cohort due to its accumu-
lation in renal failure.

A limitation of this study is the small cohort size, which
unfortunately does not allow for subgroup analysis of patients
prior to and after renal transplantation or to differentiate ef-
fects of different antihypertensive drugs. Also, the fact that no
patient was on renal replacement therapy, as well as good
control of hypertension and hyperparathyroidism, may ob-
scure the influence of these factors on the cardiac pathology.
Due to the high number of patients receiving combination
therapy of up to five antihypertensive agents, subgroup anal-
ysis by antihypertensive drugs was also not possible.
However, as the first description of tissue phase mapping in
patients with chronic kidney disease, we were able to clearly
detect changes even in early stages of the disease and without
overt left ventricular hypertrophy. This confirms tissue phase
mapping to be a sensitive tool for detecting functional cardiac
motion impairments, despite the fact that echocardiography
remains a cheaper and quicker alternative.

Conclusion

Cardiac tissue phase mapping is feasible in children and ado-
lescents. In our pediatric population with moderate chronic
kidney disease, normal left ventricular mass on cardiac MRI
and normal diastolic function on echocardiography, tissue
phase mapping revealed reduced early diastolic wall motion,
suggesting that tissue phase mappingmay bemore sensitive in
picking up diastolic dysfunction than standard echocardiogra-
phy and that it is an interesting tool for the further exploration
of uremic cardiomyopathy.
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