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Echocardiography has a prominent role as a diagnostic tool in modern day cardiology. 
It is one of the most accessible, patient friendly and low cost diagnostic mediums which 
provides large quantities of information in patients suffering from cardiovascular disease. 
In Sweden, Edler and Hertz were the first to record movements of cardiac structures 1. In 
1954 they recorded mitral valve movements by ultrasound. Since that time the technique 
developed rapidly. One of the first publications on echocardiography appeared in 1965. 
These publications described the use of Brightness (B-) and Movement (M-mode) 
both 1 dimensional echo and the detection of pericardia[ effusion2. Two dimensional 
(20) sector scanning followed approximately 10 years later. In the late 1970s Doppler 
echocardiography was introduced which, in the years after, proved a reliable method to 
measure cardiac pressure gradients3. Furthermore this became the basis of color flow 
mapping which made echocardiography a method for both structural and hemodynamic 
cardiac evaluation. With that the development did not stop, Tissue Doppler Imaging 
(TOI) was introduced and made it possible to measure myocardial velocities and later on 
myocardial deformation (strain) 4. 

Left ventricular ejection fraction (LVEF), as a measure for systolic/contractile function, 
is currently one of the most commonly used measurements when a patient is referred to 
a clinician for expected cardiac damage. However, in several diseases the LVEF is known 
to be normal even though the myocardium is diseased. For example in patients diagnosed 
with cardiac amyloidosis, in the early stages of the disease the LVEF remains intact even 
though cardiac myocardial involvement was clinically diagnosed 5· 6. The same is seen 
in patients with hypertension, which causes changes in myocardial structure in order to 
preserve LVEF 7, however negatively influencing diastolic function 8· 9. Thus, LVEF might 
not be sensitive enough as a measure when evaluating subtle cardiac damage. 
One of the techniques showing promising results in the evaluation of subtle cardiac 
damage is 2d speckle tracking. This technique is based on software which identifies 
echocardiographic gray speckles and tracks their movement through time. Through this 
technique it is possible to evaluate several myocardial characteristics such as myocardial 
lengthening and shortening (strain) and the speed of deformation ( strain rate). Several 
studies have already shown the value of these measurements, however the technique is 
as of yet still not widely available and its value in clinical practice needs to be validated in 
larger cohorts. 



In contrast to the possibility to evaluate the hearts' potential to contract, the hearts' 
potential to relax (i.e. diastolic function), can also be properly evaluated and might 
provide clinicians with a more sensitive tool to gather information on myocardial function 
in absence of a decreased LVEF. In the evaluation of diastolic LV function tissue velocity 
measurements have taken a prominent place. Especially the early diastolic tissue velocity 
( e') has proven to be a sensitive and highly feasible tool to evaluate cardiac damage. 

Hence, the aim of this thesis; to evaluate the role of diastolic left ventricular function in 
the detection of subtle cardiac damage. 

In chapter 2 we describe the technique utilized for measuring myocardial tissue velocity. 
At present there are several ways to acquire myocardial tissue velocity profiles. In this 
chapter we aimed to compare two of these methods and describe their influence on the 
classification of diastolic dysfunction in patients. 

In chapter 3 we describe a group of childhood cancer survivors who reached adult age. 
These patients are known to be at risk for the development of cardiovascular disease 
and subtle changes in myocardial structure and function. We evaluate the value of novel 
echocardiographic techniques to detect early cardiac damage. 

Most of the traditional echocardiographic measurements are volume and age dependent 
whereas most of the novel techniques are considered 'less' volume dependent but 
however still age dependent. This volume dependency of most echocardiographic 
measurements suggests that the grade of diastolic dysfunction could fluctuate. 
In chapters 4 and 5 volume differences and their influence on diastolic function 
measurements and the role of AGE breakers on diastolic function were investigated in 
2 groups of hemodialysis patients providing evidence for this fluctuation in diastolic 
function measurements. Obviously cardiac hemodynamic measurements change with 
changing volumes. 

LQT syndrome is basically an electrical disease, but subtle cardiac changes have been 
described in this genetic disease as well. In chapter 6 we describe the value of novel 
echocardiographic techniques to detect subtle cardiac changes in patients with LQT as 
compared to healthy volunteers. 

Chapter 7 is an editorial comment on grading of diastolic function. This editorial provides 
guidance to the use of echocardiographic diastolic function parameters for the diagnosis 
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of heart failure with a preserved left ventricular ejection fraction. The main focus of this 
editorial is on the use of tissue Doppler diastolic measurements. A promising development 
is 2d speckle tracking and the validation of diastolic strain rate and rotational and twist 
measurements in the evaluation of diastolic left ventricular function. These methods should 
however first be thoroughly validated before they can be incorporated in a clinical setting. 

In chapter 8 we evaluated the association between non-invasively measured 
cardiac output during exercise and systolic and diastolic echocardiographic function 
measurements, and exercise capacity in HF patients. 

Finally, in chapter 9 we review current and novel echocardiographic techniques for the 
detection of potential subtle and early cardiac damage in patients with potential cardiac 
damage but who present with a normal left ventricular ejection fraction. 
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Abstract 
Introduction 
Tissue Doppler imaging (TOI) plays an important role in assessing diastolic function 
using echocardiography. However, two different methods (pulsed wave-PW-TOI and 
color coded-CC-TOI) are currently used. We aimed to compare both measurements. 

Methods 
We included 114 patients that were referred to our echocardiography department 
for evaluation of diastolic left ventricular function. In these patients, we sequentially 
measured tissue velocities of basal lateral and septal myocardium of the left ventricle in an 
apical four chamber view with both PW-TOI and CC-TOI. 

Results 
Our cohort consisted of a heterogeneous group of patients with and without a history 
of cardiac disease. Mean age of the patients was 52 ± 16.7 years and 62% were males. 
We found a strong correlation between PW-TOI and CC-TOI derived myocardial 
velocities (r=0.93; p=0.001) However, E'( mean of lateral and septal) velocities 
measured with PW-TOI were consistently higher compared to CC-TOI values (PW-TOI 
E' 10.3( ±S03.9) cm/sec versus CC-TOI E' 7. 7 ( ±3.1) cm/sec; p<0.001). From these 
data, we calculated that the relation between E' measured with PW-TOI and CC-TOI 
can be described as: E'(PW-TDI) = 1.25 + 1.17 x E'(CC-TDI). Consequently, E/E' 
measured with PW-TOI was consistently lower compared with CC-TOI, (9.1±3.1 versus 
12.5±5.7; p<0.001) From these data, we calculated that the relation between E/E' 
measured with PW-TOI and CC-TOI can be described as: E/E'(PW-TDI) = 2.13 + 0.56 
x E/E'(CC-TDI). 

Conclusions 
Despite a strong correlation, tissue velocities measured with PW-TOI will yield higher 
values as compared with CC-TOI. This should be taken into account when defining cut-off 
values for the evaluation of diastolic function. 

Keywords 
Tissue velocity, diastolic function, echocardiography, tissue Doppler imaging 
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Introduction 
Epidemiological studies have demonstrated that 38-54% of all patients who are 
hospitalised for heart failure, have a preserved left ventricular ejection fraction (LVEF).1·2 

In these patients, heart failure is considered to be caused by diastolic dysfunction. So 
far, large randomised clinical trials failed to demonstrate beneficial effects of treatments 
that are well validated in systolic heart failure.3·4 This might in part be caused by a lack of 
established parameters for the diagnosis of diastolic heart failure 5·7 which in many cases 
led to misdiagnosis of diastolic heart failure. 
In a recent consensus statement of the European Society of Cardiology (ESC)8 a 
diagnosis of diastolic heart failure should include signs and symptoms of heart failure, a 
relative preserved systolic heart function (LVEF > 50 %), echocardiographic evidence of 
diastolic dysfunction and raised natriuretic peptides. E/E' was considered to be the most 
important diastolic function parameter, which is obtained through measuring mitral valve 
E inflow velocity ( early diastolic inflow) divided by myocardial E' velocity measured at the 
basal part of the lateral and septal LV wall. Several studies have shown that E/E' shows 
the best correlation with invasively measured pressure volume curves.9·12 However, the 
actual value of E/E' depends on the method that has been used. E' values are derived from 
relatively new echo techniques which are generally accepted in the evaluation of diastolic 
LV function. 13 E' can be measured both by pulsed wave tissue Doppler imaging (PW-TOI) 
(spectral tissue Doppler imaging) and color coded tissue Doppler imaging. (CC-TOI). 
Both methods are based on the same tissue Doppler imaging (TOI) principle. However, 
differences between PW-TOI and CC-TOI measurements have been shown in phantoms 
and small cohorts of healthy volunteers and patients. 14·16 The primary aim of the present 
study was to assess similarities and differences between PW-TOI and CC-TOI derived E' 
values in a heterogeneous and larger group of patients referred for evaluation of diastolic 
function and to investigate the implications of using these different techniques for the 
classification of patients for diastolic heart failure using E/E'. 

Methods 
Patient population 

A total number of 114 consecutive patients, 18 years of age and older, that were 
referred for left ventricular diastolic function measurements at the Department of 
Echocardiography of the University Medical Center Groningen, were included in 
the present study. We excluded patients with a poor quality of the echocardiogram, 
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atrial fibrillation/flutter or severe arrhythmias, haemodynamic important mitral valve 
regurgitation, patients with dyskinetic wall motions and patients with artificial valves or 
congenital heart disease. The study was approved by the local medical ethics committee. 

Echocardiography 
Transthoracic echocardiography was performed using a Vivid-7 (General Electric, Horton, 
Norway [GE]) and a 2.5 mHz probe. LV-dimension and wall thickness were measured 
on a standard parasternal long axis view, atrial dimensions measured in parasternal long 
axis and apical four chamber view. Left ventricular systolic function was analysed in all 
standard views. All measurements were performed according to the European Society of 
Echocardiography guidelines.17 

Standard mitral valve inflow parameters were measured in the apical 4-chamber view 
with the sample volume at the tips of the mitral leaflets, 2 consecutive heart cycles were 
recorded at end-expiration. Early mitral valve inflow (E), deceleration time of E inflow 
(DT), atrial contraction (A) and isovolumetric relaxation time (IVRT) were measured. 
Both TOI modalities were acquired. TOI measurements were performed in an apical 
4-chamber view ( AP4CH) making sure samples were placed at the junction of MV 
annulus and basal part of LV myocardium. PW-TOI measurements were performed while 
scanning ( on line measurements) using a high-pass tissue filter. A sample size of 4 mm 
was used ( standard setting of VIVID-7, GE , Horton, Norway). If needed, a sector tilt was 
used to make sure that the angle between the probe and myocardial motion was < 15%. 
CC-TOI images were acquired and digitalised, exporting them to a workstation containing 
ECHO PAC 8.1 version software. 2D-images with a high-pass tissue filter were digitalized 
and CC-TOI measurements were performed offline, using a circular sample size of 3 x 3 
mm. and FPS> 180 frames per second, while a single observer was blinded by outcomes 
of PW-TOI measurements. 
E' was measured with both TOI modalities by a single experienced echo technician. Mean 
of lateral and septal E' values were used in calculation of E/E'. 

Statistical analysis 
Data were analyzed with SPSS version 14.0. All data were expressed as mean and 
standard deviation. CC-TOI and PW-TOI derived values were compared using a paired 
T-test and Bland-Altman analysis. Scatter plots were made to evaluate linearity of E' and 
E/E' values. A simple regression analysis was used for calculating the relation between 
both methods of calculating E' and E/E' Agreement of classification was analysed using 
Cohen's kappa test. 
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Table 1. Patient characteristics 

Age, yr 

Sex ,male (%) 

H F, bpm 

M ean LVEF 

LVEF category, n (%) 
0 .55-0.60 
0 .45-0.54 
0.30-0.44 
< 0.30 

H istory of AMI, n (%) 

CHF,  n (%) 

NYHA, n (%) 
I 
I I  
I l l  
IV  

Hypertension, n(%) 

CAD, n (%) 

E 

A 

E/A ratio 

OT 

IVRT 

pw E' sep 

pw E 'lat 

M ean pw E'( sep- lat) 

E' sep 

E' lat 

M ean E'( sep- lat) 

E/pw E' 

E/E' 

52± 1 6.7  

62  

68± 1 1 .7 

0.53±0. 1 2  

9 0  (78.9%) 
8 (7. 1 %) 
1 1  (9.6%) 
5 (4.4%) 

19 (16 .7%) 

2 1  ( 18.4%) 

93(8 1 .6%) 
1 1  (9.6%) 
10 (8.8%) 

0 (0%) 

17 (14.9%) 

14 ( 12 .3%) 

0.84±0.23 

0.70±0.2 1  

1 .3 1±0.53 

224±79 

94±23 

8.9±3.3 

1 1 .6±4.9 

1 0,3±3.9 

6.9±2.9 

8.5±3.7  

7 .7±3. 1 

9. 1±3.8 

1 2.5±5.7 

Results 
A total of 114 patients were studied. Table 
1 shows the patient characteristics. Mean 
age was 52 years ± 16.7 years and 62% 
was male. Nineteen patients had a previous 
myocardial infarction, chronic heart fai lure 
was diagnosed in 21 patients, 17 had 
a history of hypertension and 14 were 
diagnosed with coronary artery disease. 

Comparison between PW-TOI and CC-TOI :  
We found a strong correlation of septa[ and 
lateral mean E' velocities between both 
PW-TOI and CC-TOI (r=0.93; p=0.001; 
figure 1) However, mean E' values measured 
with CC-TOI were consistently lower than 
those measured with PW-TOI. E' velocity 
measurements with PW-TOI showed a 

mean of 10.3 ( ±SD 3.9) cm/sec and E' 
velocity measurements with CC-TOI show a 
mean of 7. 7 ( ±SD 3.1) cm/sec (P<0.001 ). 
Bland and Altman representations of these 
differences are shown in figure 2, showing 
a proportional error, i.e. difference between 
both methodologies is higher when E' 
values are higher. The relation between E' 
measured in our data can be described as: E' 
(PW-TOI) =1.25 + 1.17 x E' (CC-TOI). Our 
Bland and Altman analysis (figure 3) shows 
the variabi l ity of the relationship  between 

Table 1 :  Basel ine characteristics of the patients. Data are presented as mean ( ±SD). pw E' , E myocard ial velocity 
us ing pulsed wave tissue Doppler; E' , E myocard ial velocity using color coded tissue Doppler; E/pw E' ,  E/E' 
calcu lated by usage of PW-TO I ;  E/E', E/E' calculated by usage of CC-TOI .  
HF ,  Heart frequency; bpm, beats per m inute ; CHF, chron ic heart fai lure; CAD, coronary artery d isease; NYHA, 
New York Heart Assoc1at1on classification ; OT, deceleration t ime; IVRT, 1sovolumetnc relaxation t ime, LVEF, Left 
Ven tricu lar Ejection Fraction.AMI,  Acute Myocard i al I n farction . 
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Figure 1.. 

Correlation between E' values measured with CC-TOI and 
PW-TDl (r = 0.93, P =0.001). 

• Figure 2. 

Bland-Altman representation of E' values derived by 
PW- TOI and CC-TOI. 
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Bland-Altman representation of E' values derived by 
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Figure 4. 

Correlation between E/E' values measured with CC-TOI and 
PW-TDl (r = 0.85, P <0.001). 

Figure 5. 

Misclassification of diastolic dysfunction when PW- TOI 
cut-off values are used for CC-TOI. 
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both measurements ( ~ 10-50% differences between values). We also found a strong 
correlation of E/E' values between PW-TOI and CC-TOI (r=0.85; p<0.001; figure 4). 
However, E/E' measured with PW-TOI was consistently lower compared with CC-TOI, 
(9.1±3.1 versus 12.5±5.7; p<0.001 ). Relation between both methods of calculating 
E/E' can be formulated as: E/E'(PW-TDI) = 2.13 + 0.56 x E/E'(CC-TDI). 

Classification of left ventricular diastolic function: The cut-off E/E' values for the diagnosis 
of diastolic heart failure defined by the ESC consensus statement ( normal; <8; possible 
diastolic dysfunction: 8-15; diastolic dysfunction > 15) were based on measurements 
with PW-TOI. Using this definition, we found marked differences in the classification 
of diastolic function when using either PW-TOI or CC-TOI. Diastolic dysfunction was 
diagnosed in 9 patients using PW-TOI, and in 24 patients using CC-TOI (P<0.001). 
Conversely, absence of diastolic dysfunction was diagnosed in 48 patients using PW-TOI, 
and in 16 patients using CC-TOI (p<0.001). (Figure 5) Using the proposed formula 
E/E'(PW-TDI) = 2.13 + 0.56 x E/E'(CC-TOI), cut-off values of CC-TOI should be: 
normal; < 11; possible diastolic dysfunction: 11-20; diastolic dysfunction > 20. 

Discussion 
We found a strong correlation between myocardial velocities measured with PW-TOI 
and CC-TOI in wide range of patients with and without left ventricular systolic and 
diastolic dysfunction and with and without symptoms. This indicates that although 
both methodologies are different, they represent the same velocity increase and 
decrease profile. However, the actual values that are obtained are markedly different. 
As a consequence, a significant difference in calculated E/E' values was found, which 
has important implications for the classification of patients with diastolic heart failure. 
Evaluation of diastolic function has become increasingly important, since it has been well 
established that nearly half of the patients that are hospitalised for acute decompensated 
heart failure have a relatively preserved systolic function, and diastolic dysfunction is 
considered to be the main cause of heart failure in these patients. Well defined criteria 
for the diagnosis of diastolic heart failure are therefore important. A major step forward 
has been made with the consensus statement on the diagnosis of heart failure with 
normal left ventricular ejection fraction by the European Society of Cardiology.8 One of 
the main measurements proposed to assess diastolic function is tissue velocity E (E') 
and cut of values have been agreed upon for classification of diastolic function using in 
particular the E/E' ratio. It is important to realise that the proposed E/E' cut-off values are 
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based on pulsed Doppler measurements (PW-TOI). CC-TOI is routinely used in many 
clinics, and if they apply the same criteria for diastolic dysfunction as suggested in the 
ESC consensus statement, there will be a considerable overestimation of patients with 
diastolic dysfunction. 
Previous studies comparing PW-TOI and CC-TOI have shown comparable results 
in phantoms, smaller cohorts of healthy volunteers and patients. 14 16 Kukulski et al. 
investigated phantoms and 23 healthy volunteers ( mean age 33 yrs) and found a 
good correlation between both methods but with unsatisfactory limits of agreement. 1 1 

McCulloch et al. investigated 31 patients and showed significant correlations 
between myocardial velocities measured with PW-TOI and CC-TOI ,  with a significant 
underestimation of CC-TOI and consequently an overestimation of E/E'. 1 5 In their 
analysis of E' values they found a relation which could be described by the following 
formula: E' (PW-TOI) = 1.46 + 1 . 14 x E' (CC-TOI). However, as they stated, a numeric 
uniform correction calculating PW-TOI derived E' from CC-TOI derived E' was hampered 
by the variable relationship ( ~ 10-90% differences between values) as was shown in their 
Bland and Altmann analysis. Our Bland and Altmann  analysis shows a better relationship 
( ~ 10-50% differences between values). 
Tartiere et al. compared PW-TOI and CC-TOI in 52 patients. 1 6  They also found a similar 
difference between the two methods . Their Bland and Altman plot showed results 
comparable to our data for E' values between 3 and 1 1  cm/s. Values above 1 1  cm/s in 
their group were sparse ( 4 patients) compared to our population and therefore our study 
gives more insight in the differences between both methods for a larger range of values. 
This leads to a more complete insight in the relation between PW-TOI and CC-TOI, 
showing increased differences with an increasing value of E'. 
The differences between the E' measurements can be partially explained by the different 
methodologies used for the estimation of myocardial velocities. PW-TOI is computed 
with a Fast Fourier Transformation (FFT) technique which will result in a peak velocity 
measured while CC-TOI uses autocorrelation methodology resulting in peak-mean 
velocity. These limitations and differences in methodology were described in detail by 
Kukulski et al. 1 4 A second explanation for the observed difference might be the placement 
of the sample within the myocardium. However, this explanation is less likely to account 
for the structural difference in TOI values since roughly the same myocardial region was 
sampled. Still slightly different transducer angulation and evaluation of different heart 
cycle may account for some of the differences . Other explanations might be related to the 
use of filters to reduce noise. 
Technical disadvantages are more or less the same in both methodologies however 
CC-TOI has less spatial resolution and the advantage of offline measurements .  Another 
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advantage of CC-TOI methodology are other applications that can be performed on these 
tissue filtered images like tissue tracking and strain rate imaging. 

Limitations 

The applicability of our formula's to calculate E' and E/E' for PW-TOI using 
measurements of E' obtained with CC-TOI or vice versa is not optimal since we also 
showed a large variability between values. The current formula however seems to be 
the best we have so far. This variability can be partially explained by differences in 
methodology and slight differences in sample placing. Also a slight difference in frame 
rates used in both methodologies of 180-211 fps might have increased this variability 
while due to 'undersampling' of CC-TOI peak velocities might have been missed. 

Conclusion 

In this study we showed a strong correlation between E' values obtained by PW-TOI and 
CC-TOI. However, E' velocities obtained by CC-TOI are significantly lower. This may lead 
to different classification of diastolic function and erroneous diagnosis of diastolic heart 
failure in clinical practice using CC-TOI. 
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Abstract 
Objectives 

The objective of this study was to investigate whether radiotherapy (RT) on the head or 
neck influences cardiac function in long-term childhood cancer survivors (CCS). 
Background Cardiac morbidity is an important late effect in CCS treated with cardiotoxic 
agents or RT on  the chest. However, there are no data on the long-term cardiac sequelae 
in CCS who only received non-thoracic RT 

Methods 

18 CCS and 36 age and sex matched healthy sibling controls were studied. 
Echocardiographic follow up was performed at median 21.7 (12.6-30.8) years after 
diagnosis. 

Resu lts 

CCS had lower indexed diastolic LV volumes (55.9 (31.4 - 68.3) vs. 60.5 ( 41.9 -
94.3)) ml, p= 0.012). CCS had poorer LV systolic and diastolic function, reflected by 
lower systolic LV myocardial velocities (5.3 ± 0.9 vs. 7.1 ± 1.7 cm/sec, p= 0.001) and 
deformation (-17 .3 ± 3.0 vs. -20. 7 ± 2.0%, p<0.001 ), as well as lower diastolic LV 
myocardial velocities (-10.6 ± 1.7 vs. -12.2 ± 1.5 cm/sec, p= 0.002) and deformation 
(1.2 ± 0.3 vs. 1.5 ± 0.2 1/sec, p= 0.003). Lower insulin like growth factor (IGF-1) 
levels were found in CCS (15.4 (0.8-34.6) vs. 24.4 (14.8-55.5) nmol/l, p=0.010). 
IGF-1 levels were negatively correlated with diastolic LV myocardial velocity (r -0.594, p= 
0.032) and positively with systolic LV myocardial velocity and LV end diastolic volume (r 
0.589, p= 0.034, r 0.623, 0.031 respectively). 

Conclusions 

Non-thoracic (cranial/neck) RT in CCS is associated with a smaller and stiffer LV with 
impaired systolic function. Impairment of the growth hormone axis may be involved. 

Key words 

Radiotherapy, cardiac dysfunction, strain imaging, diastolic left ventricular function 
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Introduction 
Cardiac damage is an important late effect in childhood cancer survivors (CCS)1 . Cardiac 
damage can be caused by several cytotoxic drugs, but also by radiotherapy (RT) 2. 
Dependent on the target region, RT increases the risk of cardiac damage. Several studies 
have shown a significant association between mediastinal/thoracic RT and coronary 
artery disease, pericardia[ disease and myocardial fibrosis 3· 4. In addition, myocardial 
perfusion defects are described in patients who received RT for breast cancer 5• 6 which 
might in turn lead to cardiac wall motion abnormalities. However, cardiac effects of non
thoracic RT have never been investigated. In this study we evaluated whether RT on the 
head or neck-region, without chemotherapy, has long-term effects on cardiac function 
and cardiovascular status including subclinical parameters. In addition, we evaluated the 
growth hormone axis because hypopituitarism is a common complication after cranial RT 
and growth hormone deficiency frequently is the first manifestation of hypopituitarism 7. 
Growth hormone plays an important role in body composition and muscle development, 
including the myocardium, and growth hormone deficiency has a negative effect on the 
cardiac function 8. 
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Methods 
Study population. 
This study used data obtai ned in a recent study on  late card iovascu lar seque lae i n  a large 
group of CCS 1 . For the present analys is we selected the su bgroup  of patients who were 
d iagnosed with a cran ial tumor or a tumor in the neck region who on ly received local ( non
thoracic) RT without any add it ional anth racycl ines or  other cytostatics. Age-matched 
healthy su bjects (2 contro ls per patient), d rawn from the contro l  group  of the main study, 
served as contro ls. All su bjects gave written i nformed consent and the study was approved 
by the local med ical eth ics com m ittee. 

Echocard iography 
One si ngle operator (YM H), who was bl i nded for the status of the su bjects, performed 
all echocard iograph ic measu rements. Echocard iograph ic exam i nat ions were performed 
on a VIV ID-7 (General Electric, Horten, Norway) uti l i z ing a 2.5-3.5 MhZ probe, and the 
measurements were performed in accordance with ASE and EAE recommendations 9 . 
Left ventricu lar (LV) d imensions were acq u i red on 2d images. LV and left atrial volumes 
were calcu lated and i ndexed for body su rface area where appropriate. Evaluation of LV 
d iasto lic function consisted of transm itral i nflow measu rements (MVE, MVA, decelerat ion 
time and isovolumetric relaxat ion t ime) and early d iasto l ic t issue ve locit ies ( e') and early 
d iasto lic strai n rate. Evaluat ion of LV systol ic fu nct ion consisted of LV eject ion fract ion 
(LVEF), stroke volume, systo l ic tissue veloc ity ( s ') and stra in (£). LV systo l ic and d iasto l ic 
deformation measu rements were performed using 2d speckle track ing techn ique  on 
offli ne images us ing an ECHO PAC system (General Electric, Horten, Norway). LV 
deformation i .e .  strai n (£), rep resents a change i n  the d imension of an object normalized 
to its origi nal d imension and is expressed in a percentage, a negative value represent ing 
t issue shorten i ng/contract ion (fig. 1) .  Early d iastol ic deformat ion (1/sec) represents 
the velocity of 1 un it of deformation in the early phase of the d iasto le, and is considered a 
measure of d iastol ic t issue function (relaxat ion) (fig. 2). F inally, we evaluated post systo l ic 
tissue shorten i ng, wh ich is considered p resent in case tissue shorten i ng occurs after 
aortic valve closure 10. For th is pu rpose, we evaluated 1 2  LV segments ( septal, lateral, 
anterior and i n ferior; at the basal, m id and ap ical leve l). 

Vascular structure and function 
Vascu lar structu re and funct ion were evaluated through measu rement of carotid i nti ma 
med ia th ickness, carotid comp liance and mean pu lse pressu re. All measu rements were 
performed on a vascu lar u ltrasou nd system (Acuson Corp. 128 XP u ltrasou nd system,  
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Mountain View, CA), using a 7 MHz linear array transducer. Cardiac autonomic function 

was evaluated through noninvasive measurement of baroreceptor reflex sensitivity (BRS) 
as described by Brouwer et al. and others 1· 1 1 · 1 2

. 

Biomarkers 
Biomarkers were evaluated from overnight fasting blood samples according to standard 
laboratory routine. We evaluated blood glucose, insulin and insulin like growth factor 
(IG F-1). We used IGF-1 z score <-2 SD and IGF-1 < 15nmol/l for referral to an 
endocrinologist on suspicion of growth hormone deficiency, while IGF-1 hepatic production 

Figure 1. Longitudinal strain curves derived from an AP4CH view 

Longitudinal strain curves derived from an AP4CH view: A VC marks the timing of aortic valve closure. Strain 
curves of the 6 visible myocardial segments are displayed {septa/; basal (yellow), mid (cyan), apical {green) 
and lateral; basal {red), mid {blue), apical {purple)). 
The dotted line {white) represents the mean of the 6 strain curves. The strain curves of the lateral basal and 
mid segments {red and blue) show their peak after A VC. This was considered as segments showing post 
systolic shortening. 
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is known to be promoted by growth hormone. Homeostatic model assessment insulin 
resistance (HOMA-IR) was performed. Renal function was measured by creatinine clearance. 

Statistical analysis 
Statistical analysis was performed in SPSS version 18.0 (SPSS, inc., Chicago, IL). 
Differences between patients and controls were evaluated through chi-squared tests 
for categorical variables. Normality of distribution was tested through probability plots. 
Normally distributed values were tested through t-tests and expressed in mean ± standard 
deviation, and non normally distributed variables were tested through Mann-Whitney U 
tests. Outcomes are expressed in median and range. Differences between groups were 
tested through Fisher's exact test in case> 20% of the cells showed and expected count 
of less than 5. Two-sided P values < 0.05 were considered significant. 

Figure 2. Strain rate curve derived from on AP4CH view 

Strain rate curve derived from an AP4CH view: Strain rate curves of the 6 visible myocardial segments are 
displayed (septa/; basal (yellow), mid (cyan), apical (green) and lateral; basal (red), mid (blue), apical 
(purple)). The dotted line (white) represents the mean of the 6 strain rate curves. 
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Results 
Clin ical data 

Eighteen CCS fu lfi l led the i nclus ion criteria, 1 0  males and 8 females. They were matched 
with 19 males and 17 females i n  the contro l  group  (healthy s ib l i ngs) . Med ian age 
at evaluat ion was 30.9 ( 1 8. 1 -39.3) vs. 29.2 ( 1 9 .7  - 43.3) years (p=NS). Median 
fo l low up  t ime for the CCS was 2 1 .7 (1 2.6 - 30.8) years (Table 1) . Two CCS received 
growth hormone substitut ion and 2 CCS had an i nadequate echocard iograph ic  wi ndow, 
and they were therefore exc luded from the analysis of I G F- 1  and echocard iography, 
respectively. Fifteen CCS had a brai n tumor, 1 a malignant lymphoma, 1 a sarcoma, and 
1 a b lastoma. Sixteen (88.9%) rece ived RT to the head, 1 (5.6%) rece ived RT to the 
head and neck and 1 (5 .6%) RT to the neck. The median received dose of i rrad iat ion was 
58.4 ( 40.0- 1 1 5 .2) Gy. 

Echocardiographic measurements 
Resu lts are presented in Table 2. Both LV end d iastol ic volume i ndex (55 .9 (3 1 .4 - 68.3) 
vs. 60.5 ( 4 1 .9 - 94.3)) m l/m 2, p=0.0 1 2) and LV end systolic volume index (24. 1 
(1 1 .9 - 34.4) vs. 28.2 ( 1 8.0 - 39.5)) m l/m2, p= 0. 1 6 1) were lower in CCS, as well 
as left atrial volume i ndex (27.3 ±7.0 vs. 3 1 .5 ± 5.9 m l/m2, p=0.045) . Consequently, 
CCS also showed lower stroke vo lumes. Of note, no d i fference was fou nd i n  heart rate 
between both groups. Although no d i fference was found i n  LVEF, systo l ic LV function was 
decreased i n  CCS as compared to contro ls, i n  terms of lower s '  (5.3 ±0.9 vs.7 . 1 ± 1 .7 
cm/sec, p=0.00 1) and lower £ (- 1 7  .3 ±3.0 vs. -20. 7 ± 2.0 1/sec, p< 0.00 1) .  D iastol ic 
LV funct ion was also decreased in CCS, in terms of lower e' (- 1 0 .6 ± 1 .7 vs. - 1 2.2 ± 1 .5 
cm/s, p=0.002) and d iasto l ic strai n rate ( 1 .2 ± 0 .3 vs. 1 .5 ± 0 .2 1 /sec, p=0.003). 
Fi nally, CCS showed more segments which contract after the systole has ended (post 
systo l ic shorten ing) ( 4.9 ± 1 .6 vs. 3 .6 ± 1 .3, p = 0.0 1 3). 

Vascular structure and function 
Resu lts are presented in Table 1. Carotid comp liance was lower in CCS as com pared 
to the controls (8. 1 (3 .0 - 1 8. 1) vs. 1 1 .8 (5.5 - 30.3) µm/m mHg, p=0.028). 
Fu rthermore, baroreceptor reflex sensitivity was lower i n  CCS (2. 1 ( 1 .6-3 .7) vs. 2.6 (1 .0-
3.8) ms/m m Hg, p=0.03 1) . 

Biomarkers 

Resu lts are presented i n  Table 1 .  I G F- 1  was lower i n  CCS ( 1 5.4 (0.8-34.6) vs. 24.4 
( 1 4.8-55.5) mmol/L, p=0.0 1 0). Moreover, in CCS a positive correlat ion was found 
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between IGF-1 levels and LV end diastolic volume index (r = 0.623, p= 0.031) as well 
as LV stroke volume index (r = 0.641, p= 0.025). Furthermore, IGF-1 levels in CCS were 

found to be correlated negatively with e' (r = -0.594, p= 0.032) and positively with s'(r = 
0.589, p= 0.034). 

Table 1. General Characteristics, vascular structure and function and biomarkers in CCS and controls 

CCS (n = 18) Controls ( n = 36) P-value 

Age at diagnosis, years 9.0 (1.7 - 16.6) 

Follow-up post-treatment, years 21.7 ( 12.6-30.8) 

Age at visit, years 30.9 ( 18.1-39.3) 29.2 (19.7 - 43.3) 0.521 

Male/ female, n 10/8 19/17 0.847 

Growth hormone deficiency at visit, n 8/18 0/36 <0.001 § 

Growth hormone substitution, n 2/18 0/36 0.107 § 

Heart rate, beats/min 69.4 ± 9.4 69.7 ± 10.2 0.919 

Systolic blood pressure, mm Hg 111 (94 - 156) 116 (98 - 156) 0.104 

Diastolic blood pressure, mm Hg 77 (70 - 96) 80 (58 - 104) 0.655 

Body mass index, kg/m2 24.3 (19.3-40.0) 24.0 (19.5- 35.0) 0.452 

Body surface area, m2 1.8 (1.6- 2.6) 2.0 (1.6- 2.4) 0.148 

Vascular structure and function 

IMT carotid artery, mm 0.60 (0.54 - 0.89) 0.60 (0.52 - 0.84) 0.851 

BRS, ms/mm Hg 2.1 (1.6-3.7) 2.6 (1.0-3.8) 0.D31 

Carotid compliance, µm/mm Hg 8.1 (3.0 - 18.1) 11.8 (5.5 - 30.3) 0.D28 

Mean pulse pressure, mm Hg 56.5 (6.4) 56.9 (13.0) 0.885 

Biomarkers 

Glucose+, mmol/L 4.7 (4.1-5.1) 4.8 (3.8-6.6) 0.348 

Insulin+, mE/L 9.2 (1.6-16) 8.3 (2.6-24.0) 0.795 

HOMA-IR+ 2.0 (0.3-2.9) 1.7 (0.6-5.6) 0.965 

IGF l +,=!=, nmol/L 15.4 (0.8-34.6) 24.4 (14.8-55.5) 0.010 

Creatinine, µmol/L 67 (47 - 95) 72 (52 - 98) 0.111 

n = number; CCS - childhood cancer survivors; IMT = inti ma media thickness; BRS = baroreceptor reflex 
sensitivity; HOMA-IR = homeostatic model assessment insulin resistance 
t Glucose, insulin, HOMA, IGF l :  only after overnight fast 
=I= Patients with growth hormone substitution were not include in the analysis 
§=Fischer's exact test 
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Table 2. Echocord1ographic measurements 

CCS (n = 14) Controls ( n = 36) P-value 

LVmass/BSA, g/m2 84.8 ± 13.9 82.3 ± 1 9.4 0.663 

LV end -d iasto lic volume/BSA, m l/m2 55.9 (3 1 .4 - 68.3) 60.5 ( 4 1 .9 - 94.3) 0.0 1 2  

LV end-systolic volume/BSA, ml/m2 24. 1 ( 1 1 .9 - 34.4) 28 2 ( 18 .0 - 39.5) 0. 1 6 1  

L A  volume /BSA ml/m2 27.3 ± 7 .0 3 1 .5 ± 5.9 0.045 

Left ventricle, systole 

ejection fraction, % 53.6 ± 5.8 55.9 ± 5.5 0.2 1 7  

stroke volume/BSA, m l/m2 25.4 ( 1 9.2 - 36 2) 33.2 (22.0 - 58.8) 0.004 

s' ,  cm/sec 5.3 ± 0.9 7. 1 ± 1 .7 0.001 

systolic stra in , % - 1 7.3 ± 3.0 -20.7 ± 2.0 < 0.00 1 

post systo l ic shorten i ng, 

n umber of segments 4.9 ± 1 .6 3.6 ± 1 .3 0.0 1 3  

Left ventricle, diastole 

MV-E, m/sec 0.85 (0.68-0.90) 0.96 (0.62- 1 .46) 0.0 1 6  

MV-A, m/sec 0.53 (0.35-0.69) 0.58 (0.34-0.96) 0.2 1 4  

O T,  ms 1 95.6 ± 26.2 20 1 .3 ± 37.8 0.6 1 0  

IVRT, ms 82.3 ± 10.3 8 1 .3 ± 1 1 .6 0.656 

e' ,  cm/sec - 10.6 ± 1 .7  - 1 2.2 ± 1 .5 0.002 

d iastolic strain rate, 1/sec 1 .2 ± 0.3 1 .5 ± 0.2 0.003 

Note: patients with growth hormone substitut ion were not include i n  the analysis 
OT =deceleration time; IVRT = isovolumetric relaxation time; LA=left atri um;  LV= left ventricle; MV=m1tral valve 

Discussion 
The main and novel finding of the present study is that patients who received RT on 
the head and neck (but not on the chest) had on average a smaller and stiffer LV with 
impaired systolic function. These changes might be due to pituitary gland dysfunction. 

Cardiac effects of RT on the chest 

RT on the chest is known to have negative effect on vascular and cardiac function. Several 
studies provided evidence of increased myocardial fibrosis as a consequence of RT on 
the chest, which in turn leads to increased stiffness of the LV 3 · 4· 1 3· 14 . Several studies 
also found a higher incidence of coronary artery and pericardia[ disease 3 . 4, as well as 
myocardial perfusion defects 5 · 6. However, in most cases a difference in LVEF was not 
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demonstrated 2· 15- 1 7, but LVEF is known to be a relatively insensitive measure of systolic 
myocardial LV function when subtle cardiac damage is suspected 2• 18. Using more subtle 
techniques a decrease in systolic function can be found after RT; Tsai et al thus found 
decreased global longitudinal strain in patients who were treated with mediastinal RT 
( with and without additional chemotherapy )2. Importantly however, to date nothing is 
known about possible cardiac effects of non-chest RT and that is why we performed the 
present study. 

Present study: cardiac effects of RT on the head and neck 
In our group of 18 CCS with RT on the head and neck we did observe both lower end 
diastolic and end systolic volumes compared to healthy controls. In addition, although 
LVEF was not lower, systolic myocardial velocities were reduced as well as systolic 
myocardial deformation. Moreover, our study showed more post systolic shortening in 
CCS. To some extent post systolic shortening, i.e. shortening of individual segments of 
the myocardium beyond closure of the aortic valve, is also found in healthy subjects as 
described by Voight et al 10 . However, increased post systolic shortening is considered 
indicative of a diseased myocardium 10. Finally, we found significant differences in diastolic 
LV function between CCS and controls, with lower values of tissue velocities and strain 
rate. Taken together, it appears that RT on the head and neck leads to a smaller and stiffer 
LV with reduced systolic function. 

Possible mechanisms of the observed cardiac effects 
The observed cardiac effects cannot be explained by factors like age, sex, body mass index, 
body surface area or differences in cardiovascular risk factors as both groups were well 
matched and no significant differences were present in general characteristics. However, 
we did observe differences in vascular function, in terms of carotid compliance and BRS 
which were both lower in CCS. The vasculature, possibly through increased afterload, 
might therefore to some extent account for the difference in cardiac structure and function 
between RT patients and controls. However, it is not readily apparent how this would 
lead to a smaller LV. Another possible explanation relates to the observed difference in 
IGF-1. Hypothalamic pituitary dysfunction is a well-known side effect of cranial RT and 
growth hormone deficiency is frequently the only manifestation of hypothalamic pituitary 
dysfunction. Growth hormone and IGF-1 play a modulating role in the myocardial 
structure and function 8. Lower IGF-1 levels are known to be associated with cardiac 
dysfunction and growth, and several studies have shown that administration of IGF 
leads to cardiac hypertrophy 1 9· 20 and increased myocardial function 1 9 . Growth hormone 
deficiency and its influence on cardiac structure was described by Salerno et al 20. They 
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described a decreased LV mass index in patients with growth hormone deficiency, which 
normalized after growth hormone replacement. The data thus suggest that the observed 
functional and structural cardiac abnormalities in the CCS were due to impaired pituitary 
gland function. Supplementing growth hormone after cancer treatment is not uncommon, 
and in our cohort 2 CCS received growth hormone substitution. They were however 
excluded from our analysis in order to prevent confounding. 

Study limitations 

As we studied a relatively small cohort of patients our results need to be validated in 
larger cohorts. Also, we did not measure growth hormone itself, and a low level of IGF-1 
is only indirect evidence of pituitary gland dysfunction. Finally, despite providing a likely 
explanation for the smaller hearts with impaired systolic and diastolic function, a causal 
relationship between these findings and lower IGF-1 levels remains to be established. 

Conclusions 
RT to head and neck in CCS is associated with significant long-term structural and 
functional cardiac abnormalities. A likely mechanism is hypothalamic pituitary dysfunction 
leading to growth hormone deficiency.A strict cardiac follow up utilizing echocardiography 
seems to be warranted for patients who received RT, even when the heart was not in the 
field of irradiation. 
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Abstract 
Background 
D iastol ic dysfu nction is a frequent cause of heart fai lu re, in particu lar i n  d ialys is patients. 
Advanced glycation end-products ( AG Es) are increased in dialysis patients and are 
suggested to play a role i n  the development of d iastol ic dysfunct ion .  The aim of our  study 
was to assess whether AG E accumu lat ion in d ialys is pat ients is related to the presence of 
d iasto lic dysfu nction .  

Methods and Resu lts 
Data were analyzed from 43 d ia lysis pat ients, aged 58± 1 5  years, of whom 65% 
were male. Diastol ic fu nct ion was assessed us ing tissue ve locity imagi ng (TVI) on 
echocard iography. Tissue AG E accumu lation was measu red usi ng a val idated ski n 
autofluorescence ( ski n-AF) reader. P lasma  NE-( carboxymethyl) lys ine  (CM L) and 
NE-( carboxyethyl) lys i ne (CEL) were measured by LC-MS/MS. P lasma pentos id ine was 
measured by HPLC. Sk in -AF correlated with mean E' (R=-0 .5 1 ,  P<0.00 1 ) , E/ A rat io 
(R=-0.39, P=0.014), and E/E'  (R=0.38, P=0.0 1 9) . Plasma AG Es were not sign ificantly 
associated with d iastolic fu nct ion .  M u ltivariable l i near regression analysis revealed 
that 54% of the variance of average E' was explai ned by age (P=0.007), d ialysis type 
(p=0.0 1 6), and ski n-AF (p=0.0 1 3). 

Conclusions 
Tissue AG Es measured as sk in -AF, but not plasma AG E levels were related to d iastol ic 
fu nct ion i n  d ialys is pat ients. Although th is may su pport the concept that t issue AG Es 
exp la in  part of the i ncreased prevalence of d iasto l ic dysfu nction in these patients, the 
am biguous relat ion between plasma and tissue AG Es needs further explori ng. 

Key Words 
heart fai lu re, tissue velocity imaging, carboxymethyllys ine 
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Introduction 
Systolic dysfunction is commonly recognized as the main cause of heart failure. However, 
approximately 50% of the patients with chronic heart failure have a preserved systolic 
function 1. In most of these patients, heart failure is caused by diastolic dysfunction 2. 
Recently, it became evident, that the prognosis of patients with diastolic heart failure is 
nearly as poor as the prognosis of patients with systolic heart failure 2-4. Despite the 
magnitude of this problem, little is known about the pathophysiological background of 
diastolic dysfunction. 

Several mechanisms underlying diastolic dysfunction have been proposed 5·7. Diastolic 
dysfunction is generally associated with increased myocardial stiffness, which may 
be caused by modifications of collagen in the extracellular matrix. One important 
modification of collagen is increased cross-linking by the formation of advanced glycation 
end products ( AG Es). These are carbohydrate and lipid dependent modifications of 
protein, formed by oxidative or non-oxidative reactions 8. 

AGE accumulation occurs during life, but an increased level of AG Es has been found 
in patients with diabetes and renal failure. Particularly, dialysis patients are known for 
increased levels of AG Es, which were also independently associated with an impaired 
survival 9. Interestingly, a frequent echocardiographic finding in dialysis patients is 
diastolic dysfunction. The prevalence of diastolic dysfunction in dialysis patients varies 
from 25% to 87% depending on definitions used, and the patients included 10• 1 1 .  Diastolic 
dysfunction predisposes to the development of heart failure, and is strongly related with 
outcome in dialysis patients 1 2. We hypothesized that increased AGE accumulation 
in dialysis patients explains part of the increased prevalence of diastolic dysfunction. 
Therefore, we analyzed the relation between tissue and plasma AG Es and diastolic 
function in dialysis patients. 

Methods 
Patients and study design 
In this cross-sectional study, all patients receiving dialysis treatment at the Dialysis Center 
Groningen � 18 years old were eligible to participate. Both hemodialysis and peritoneal 
dialysis patients were included. Exclusion criteria were a myocardial infarction within 
the last month, significant valvular disease, pacemaker use, sustained or accepted atrial 
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fibri l lat ion ,  act ive endocard itis, active myocard it is, active pericard it is, acute heart fai lu re, 
heart transplant, and secondary (non- id iopath ic) card iomyopath ies. Non-Caucasian 
pat ients were excluded from analysis, because the autofluorescence reader was val idated 
on ly i n  Caucasians. Study vis its as well as b lood collect ions were performed before 
hemod ialysis therapy. I n  case of peritoneal d ialysis pat ients blood was withdrawn at the i r  
study visit. Usi ng standard laboratory techn iques b lood was analyzed fo r hemoglob in  
(Hb  ), H bA le, total p rote in ,  album in ,  calc i um ,  phosphate, triglycerides, total cho lestero l, 
and low-density l ipoprote i n  (LDL). Fu rthermore, we analyzed the mean value of Kt/V per 
week (marker for d ialys is quality based u pon  u rea clearance), which was expressed as a 
percentage of the Kt/V recommended by the K-DOQI  adeq uacy gu idel i nes for d ialysis 
therapy (Kt/V > 3.6 for hemod ialysis pat ients; Kt/V > 2.0 for peritoneal d ialys is patients) . 
Cli n ical measu rements were all performed on the same day as echocard iography, and 
i ncluded blood pressu re and heart rate. In hemod ialysis pat ients blood pressu re obtai ned 
before d ialysis therapy was used for analysis . Cu rrent use of medicat ion was extracted 
from med ical records. H istory of CVD and fam i ly h istory of CVD were based upon a 
documented or reported h istory of myocard ial i nfarct ion ,  angi na pectoris, cerebrovascu lar 
acc ident, transient ischaemic attack, pu lmonary em bolus, venous throm bosis, or 
i nterm ittent claud icat ion i n  the med ical h istory of the pat ient or 1st , and 2nd degree 
relatives, respective ly. Th is study protocol comp lies with the Declarat ion of Hels inki ,  and 
was approved by the i nstitut ional review com m ittee of the U n iversity Med ical Center 
G ron i ngen .  All pat ients s igned written i n fo rmed consent. 

Skin-autofluorescence 
Tissue AGE accumu lat ion was assessed us i ng a val idated skin-autofluorescence ( ski n 
AF) reader (AG E-Reader; patent PCT /NL99/00607; D iagnOptics BV, G ron i ngen ,  The 
Netherlands) descri bed previously 9 · 1 3 . I n  short, the  AGE- reader i l lu m i nates a ski n su rface 
of approximately 4 cm 2, guarded agai nst su rround i ng l ight, with an exc itat ion l ight sou rce 
between 300-420 n m  (peak excitat ion ~ 370 nm). Light f rom the sk in is measu red with 
a spectrometer in the 300-600 nm range, us i ng 200 µm glass fiber. As a measu re of 
ski n -AF the rat io between em ission and exc itat ion was calcu lated in arbitrary u n its ( a.u .) 

by d ivid i ng the area u nder the cu rve between  420-600 n m  by the area under the curve 
between 300-420 nm ,  and mu lti plyi ng by 1 00 .  Ski n -AF was measu red at the volar s ide of 
the lower arm at approximate ly 10- 1 5  cm below the e lbow fo ld . Care was taken to perform 
the measu rement at normal skin site, i .e. without vis ib le vessels, scars, l ichen ificat ion ,  or 
other  skin abnormal it ies. l ntraobserver variat ion of repeated AFR measu rements on one 
day was 6%. 
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CML and CEL by LC-MS/MS 

CML and CEL were determined by stable-isotope-dilution tandem mass spectrometry 
(LC-MS/MS) as described previously. 14 In short, CML and CEL were liberated from 
plasma proteins by acid hydrolysis after addition of deuterated CML and CEL as internal 
standards. Chromatographic separation was performed by gradient-elution reversed
phase chromatography with a mobile phase containing 5 µmol/L nonafluoropentanoic 
acid as ion-pairing agent. Mass transitions of 205.1 -> 384.1 and 219.1 -> 384.1 for 
CML and CEL, respectively, and 209.1 -> 388.1 and 223.1 -> 388.1 for their respective 
internal standards were monitored in positive-ion mode. CML and CEL were separated 
by baseline resolution with a total analysis time of 21 min. Within-day and between-day 
coefficients of variation were <4.4% and <3.2% for CML, and <6.8% and <7.3% for CEL. 

Pentosidine by HPLC 
Pentosidine levels were measured by high performance liquid chromatography (HPLC) as 
described previously by l zuhara et al(15). Briefly, a 50-µL solution of acid hydrolysate of 
plasma was injected into an HPLC system and separated on a C18 reverse-phase column 
(Waters, Tokyo, Japan). The effluent was monitored using a fluorescence detector (RF-10A; 
Shimadzu, Kyoto, Japan) at an excitation-emission wavelength of 335/385 nm. Synthetic 
pentosidine was used to obtain a standard curve. The limit of detection was 5 pmol of 
pentosidine per milliliter of plasma. Normal values in 4 healthy subjects averaged 0.114 ± 
0.011 µmol/L, with a coefficient of variation of 5.48% ± 0.81 % on 4 different days. 

Echo card iography 
Patients underwent two-dimensional echocardiography, including color flow mapping 
20-guided M-mode, blood pool and tissue Doppler echocardiography. Echocardiography 
was performed by experienced cardiac technicians using a General Electric VIVID 
7 system with a 2.5 mHz probe. Measurements included left ventricular and atrial 
dimensions, the peak early (E) and late (A) diastolic filling velocities, isovolumetric 
relaxation time (IVRT), deceleration time (slope) of the early peak filling (OCT). 
Furthermore, using tissue velocity imaging (TVI), early diastolic velocity (E') was 
measured on the lateral, septal, anterior, and inferior wall areas, and subsequently 
averaged. E/E' was calculated by dividing the peak early diastolic filling (E) by the average 
E' measured using TVI. Systolic dysfunction was defined as an estimated LVEF � 45%. 
Diastolic dysfunction was defined as an E' <8 cm/s. E' values could not be assessed in 4 
patients. LVEF could not be estimated in 6 patients. 
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Statistical Analyses 

Data were analyzed us ing SPSS vers ion 1 2.0 1 (SPSS I nc. ,  Ch icago, I L, USA). Data are 
reported as mean ± SD for parametric variables, as med ian [25%-75%, inte rquarti le 
range] for non-parametric variables, and i n  case of nom i nal variab les as n(%). 
Correlat ions coefficients were calcu lated us ing Pearson correlat ions. Li near regression 
analysis was used to assess the determ i nants of  ski n -AF and average E' .  All variab les 
i nc luded in table 1 were analyzed by u n ivariable l i near regression .  Although several 
echocard iograph ic  parameters may correlate with d i asto lic  fu nct ion ,  by forehand, these 
were excluded from li near regress ion analysis as these wou ld not be of i nterest from a 
pathophys io logical perspective. O n ly the variables that showed a trend for a relat ion with 

sk i n-AF or average E'(p�0. 1 0) were i ncluded i n  m u lt ivariable li near regression .  Variables 
wh ich d id  not reta in sign ificance in th is m u ltivariable analysis were subsequently removed 
from the model (backward selection) .  Next, b io logically p lausi b le but excluded variab les 
were re- i ntroduced in the fi nal model  to see whether the i r potential in fluences were 
overlooked . To test whether the model  is appropr iate and whether the ass u m ptions 
for li near regression are met, the m ode l  was tested for overall regression,  co-l i nearity, 
i nteraction terms, and lack-of-fit w ith ANOV A. Resid uals were tested for normality of 
d istri but ion .  A P-value P�0.05 (two-sided) was cons idered statistically s ign ificant. 

Resu lts 

Patient characteristics are summarized i n  table 1. Data were analyzed from 43 patients, 
aged 58± 1 5  years of whom 65% were male. Mean sk in-AF was 3.7±0.7 a.u . ,  wh ich is 
markedly h igher (P<0.00 1)  than in a normal control group  (2.0 [ 1 .7 -2.4] a.u .) previously 
descri bed by our  group(16).  CML (7 .2±2.5 vs. 2.8±0.4 µmol/l; p <0.00 1 ), CEL 
(2.5±0.6 vs. 0.8±0.2 µmol/l; p<0.00 1 ), and pentos id i n e  ( 1 .9± 1 .0 vs. 0 . 1 1 ±0. 0 1  µmol/1; 
p<0.001)  levels were also s ign ificantly higher in  pat ients compared with normal controls. 
(14; 1 5) The plasma AG Es CML, CEL, and pentos id i ne  showed h igh correlat ion with each 
other (table 2), however d id  not correlate with age, and H bA 1c. Dialysis quality (Kt/V) 
showed a strong association with p lasma AG Es. Although a trend existed for CML to be 
related to Ski n-AF, no sign ificant associat ion existed between plasma AG Es and skin -AF. 

Systo lic dysfu nction (LVEF � 45%) was present in 9 (24%) patients.  D iasto l ic 
dysfu nction ( mean E' < 8 cm/s) was present i n  35 (8 1 %) patients. Ski n -AF was 

sign ificantly correlated with measu rements of d iasto l ic fi ll ing (table 3), i nc lud i ng mean 
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Table 1. Patient characteristics 

Characteristic 

Age (years) 

G ender ( male; n, %) 

D ialysis type (Hemodialysis; n, %) 

Duration of dialysis (years) 

Kt/V per week (% of recommended Kt/V) 

H istory of renal transplantation ( n, %) 

NYHA functional class 

Cause of renal failure ( n, %) 
Cystic renal disease 
Hypertensive nephropathy 
G lomeru lonefr1tis 
Nephrotic syndrome 
Pyeloneph nt1s/Reflux 
Diabetic nephropathy 
Other or unknown 

Risk factors for CVD ( n, %) 
History of hypertension 
Hypercholesterolemia 
Smoking 
Diabetes mellitus 
History of CVD 
Family history of CVD 

Physical examination: 
Systolic blood pressure ( mm Hg) 
Diastolic blood pressure ( mm Hg) 
Heart rate (bpm) 
Body mass index (kg/m2) 

Laboratory assessments 
Hb (g/dl) 
HbA1c (%) 
Calcium-Phosphate product ( mmol2/12) 
Triglycerides ( mg/di) 
Total cholesterol ( mg/di) 
LDL cholesterol ( mg/di) 
Total protein (g/1) 
Albumin (g/1) 

Total ( n=43) 

58± 1 5  

28(65) 

1 9(44) 

2.8 [ 1 .3-5.3] 

1 1 6±30 

6( 14) 

1.3±0.6 

1 2(28) 
6( 14) 
5( 1 2) 
3(7) 
3(7) 
2(5) 

12(30) 

29(68) 
19(44) 
13(30) 

3(7) 
12(28) 
22(51) 

1 32±21 
78± 12 
77± 14 
25±4 

1 2. 1 ± 1 .6 
6.3± 1 . 1  
3.7± 1.0 
1 68±89 
1 35±27 
77±27 
69±6 
41±4 

E' (R=-0.51; p=0.001), E/A ratio 
(R=-0.39; P=0.014), and E/E' 
(R=0.38; p=0.019). No correlations 
were found between LVEF, left 
ventricular and atrial dimensions, 
and skin-AF. Plasma AGE levels 
were not significantly correlated 
with diastolic function. Plasma CEL 
(R=0.34; p=0.029) and pentosidine 
levels (R=0.31; p=0.048) did 
however correlate with LV septum 
diameters. Plasma CML levels 
showed a strong trend (R=0.30; 
p=0.052) for a correlation with LV 
septum diameters. Plasma CEL levels 
were additionally correlated to LV 
posterior wall diameters (R=0.36; 
p=0.02) and LA parasternal length 
(R=0.33; p=0.04). 

Skin-AF showed a strong association 
with diastolic function. Therefore, 
we performed additional analyses to 
determine factors that are associated 
with an increased skin-AF. Skin-AF 
was univariably associated with age, 
total protein, and albumin (table 4). 
Additionally, skin-AF showed a trend 
(p$0.10) for an association with 
diastolic blood pressure, and CML 
levels. Multivariable linear regression 
analysis revealed that 37% of the 
variance of skin-AF was determined 
by age, and CML levels. Next, several 
biologically plausible variables 
were re-introduced in this model to 
see whether any possible relations 

4 7  



Chapter 4 

48 

AG E accumulation 
Ski n -AF (a.u .) 3 .7±0.7 
CML (µmol/l) 7 .2±2.5 
CEL (µmol/l) 2.5±0.6 
Pentos 1d ine (µmol/l) 1 .9± 1 .0 

Med icat ion ( n, %) 
ACE i  15(35) 
13-blockers 20(47) 
Ca-antagonists 9(2 1)  
D i u ret ics 8( 1 9) 
Erythropoiet in  36(84) 
Stat ins 1 8(42) 

Abbreviations: NYHA: New York Heart Association; CVD:  
Cardiovascu lar d isease; Hb :  Hemoglob in ;  LDL: Low-density 
l 1poprote in ;  ACE i :  Angiotensin convert ing enzyme i nh i bitor; 
CM L: carboxymethyllysi ne; CEL: carboxyethyllysi ne. 

were overlooked. Reintroducing 
gender, dialysis type, duration 
of dialysis, Kt/V, the presence 
of diabetes, smoking, history of 
hypertension ,  diastolic blood 
pressure, systolic blood pressure, 
HbA1c, total protein, albumin, 
CEL, pentosidine, statin use, and 
the use of ACE-inhibition showed 
that gender (R=0.34, P=0.0 11 ), 
albumin levels (R=0.28, 
P=0.045), and diastolic blood 
pressure (R=-0.27, P=0.045) all 
individually determined an extra 
part of the variance of skin-AF 

levels. Further multivariable linear regression analysis led to the final model in which 
56% of the variance of skin-AF was determined by age, gender, diastolic blood pressure, 
and CML levels. 

Table 2. Correlations between AGE measurements, age, HbA 1 c and dialysis quality 

Skin-AF CML CEL Pentosid ine Age HbA1c Kt/V 

Skin-AF 
r=0.27 r=0.02 r=0.24 r=0.46 r=-0. 13  r=0. 12 
P=0.08 P=0.88 P=0. 1 3  P=0.002 P=0.43 P=0.46 

CML 
r=0.27 r=0.55 r=0.85 r=-0.09 r= -0.02 r=-0.45 
P=0.08 P<0.00 1 P<0.00 1 P=0.59 P=0.93 P=0.003 

CEL 
r=0.02 r=0.55 r=0.6 1 r=-0.08 r=-0.29 r=-0.40 
P=0.88 P<0.00 1 P<0.001  P-0.60 P=0.06 P=0.009 

Pentosidine 
r=0.24 r=0.85 r=0.6 1 r=0.05 

r=-0. 1 1  
P=0. 13 P<0.00 1 P<0.00 1 P=0.78 

P=0.49 
r=·0 .49 
P=0.00 1 

Age 
r=0 .46 r=-0.09 r=-0.08 r=0.05 r=-0.06 r=0.24 

P=0.002 P=0.59 P=0.60 P=0.78 P=0.70 P=0. 12  

HbAlc 
r=-0. 13 r=-0.02 r=-0.29 r=-0 . 1 1  r=-0.06 r=0.29 
P=0.43 P=0.93 P=0.06 P=0.49 P=0.70 P=0.07 

Kt/V 
r=0 . 12  r=-0.45 r=-0.40 r=-0.49 r=0.24 R=0.29 
P=0.46 P=0.003 P=0.009 P=0.00 1 P=0. 12  P=0.07 

Abbreviations: r: correlation coefficient; P: p-value; CML: carboxymethyllysine; CEL: carboxyethyllys i ne. 
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Table 3. Correlations between echocardiogrophic parameters and skin-AF 

Parameter 
Total Skin-AF ( a.u.) 

(n=43) r P-value 

Diameters 
LV Septum (mm) 10±2 0. 1 1  0.49 

LV Posterior wall (mm) 10±2 0. 13  0.43 

LVEDO (mm) 46±6 -0. 14 0.37 

LVESO (mm) 29±6 -0. 13  0.41 

LA parasternal (mm) 38±5 -0.03 0.86 

LA length (mm) 56±7 -0. 13  0.4 1 

LA cross (mm) 40±6 -0.20 0.20 

Systolic function 
LVEF (%) 53±8 0.09 0.58 

Diastolic function 
E (mis) 0.74±0.30 0.06 0.73 

A (mis) 0.79±0.3 1 0.33 0.037 

EIA ratio 0.98±0.35 -0.39 0.0 14 

Oct (ms) 248±78 0.29 0.065 

IVRT (ms) 90±23 -0.05 0.78 

Lateral E'  ( cmls) 7.4±3. 1  -0.49 0.00 1 

Septa[ E' ( cmls) 5.3±2.0 -0.46 0.003 

Anterior E'  ( cmls) 6.7±2.8 -0.43 0.006 

Inferior E' ( cmls) 6.0±2.6 -0.50 0.002 

Average E' ( cmls) 6.5±2.3 -0.5 1 0.00 1 

EIE' ( cmls) 1 2.0±4.6 0.38 0.0 1 9  

Abbreviations: R :  correlation coefficient; LV: Left ventricular; LVEOO:  Left ventricular end -d 1astol1c diameter; 
LVESO; Left ventricular end-systolic d iameter; LA: Left atrial; LVEF:  Left ventricular ejection fraction; Oct: 
Oecelerat1on time; IVRT: lsovolumetric relaxation time. 

Univariable linear regression analysis revealed that diastolic function ( mean E') 
was associated with age, history of renal transplantation, history of hypertension, 
hypercholesterolemia, and skin-AF (table 4). Furthermore, a trend (p�0.10) for an 
association existed for glomerulonephritis as cause of renal failure, smoking, history 
of CVD, body mass index, albumin, and use of statins. Multivariable linear regression 
analysis showed that 45% of the variance of mean E' was determined by age and 
skin-AF. Re-introducing gender, dialysis type, duration of dialysis, Kt/V, the presence 
of diabetes, history of hypertension, HbA 1c, systolic blood pressure, diastolic blood 
pressure, calcium-phosphate products, CML, CEL,  pentosidine, and the use of ACE
inhibition showed that diastolic blood pressure (R=-0.27, P=0.036), and dialysis 
type (R=-0.29, P=0.0 16) both individually determined an extra part of the variance of 
diastolic function. Further multivariable linear regression analysis led to the final model 
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in which 54% of the variance of diastolic function was determined by age, skin-AF, and 
dialysis type. However, diastolic blood pressure did show a non-significant contribution, 
thereby creating an alternative model explaining 61 % of the variance of diastolic 
function by age (�=-0.39, p=0.009), skin-AF (�=-0.4 7, p=0.003), dialysis type (�=-
0.26, p=0.034), and diastolic blood pressure (�=-0.22, p=0.07). 

Table 4. Determinants of skin-AF and diastolic function in linear regression analysis 

Characteristic Skin-AF Diastolic function 

Univariable 
Multivariable 

Univariable 
Multivariable 

R2=0.56 R2=0.54 

� p � p � p � p 

Age (years) 0.46 0.002 0.57 <0.001  -0.6 1 <0.00 1 -0.4 1 0.007 

Gender (male) 0.25 0 . 1 1  0.36 0.006 -0. 1 1  0.50 

AG E accumulation 
Skin-AF (a.u .) 1 - -0.59 <0.00 1 
CML (µmol/l) 0.27 0.08 

0.35 0.006 
-0.22 0. 19  -0.4 1 0.0 13  

CEL  (µmol/l) 0.G2 0.88 0.05 0 .78 
Pentosid ine (µmol/l) 0.24 0 . 1 3  -0.20 0.25 

D ialysis Type (Peritoneal) -0.05 0 .77  -0.23 0. 1 7  -0.29 0 .0 1 6  

Duration o f  d ialysis (years) 0. 1 7  0.28 0.23 0 . 15  

Kt/V per week (%) 0. 12  0.46 -0. 1 8  0.27 

History of renal transplantation  -0.0 1 0.94 0.34 0.033 

NYHA functional class -0.04 0.80 0.04 0 .81 

Cause of  renal fai lure 
Cystic renal d isease -0.2 1 0 . 1 7  0 ,07 0.69 
Hypertensive nephropathy 0. 18  0.26 -0.23 0. 1 6  
G lomeru lonefritis -0. 13  0 .43 0.27 0.095 
Neph rotic synd rome 0.G l 0.95 -0.04 0.8 1 
Pyeloneph ritis/Reflux -0.02 0.89 0.05 0 .79 
D iabetic nephropathy 0.G l 0.93 -0. 1 5  0 .37 
Other or unknown 0. 1 6  0.29 -0,03 0.87 

Risk factors for CVD ( n ,  %) 
History of hypertension 0.23 0 . 14  -0.35 0.03 1 
Hypercholesterolemia -0.0 1 0 .94 -0.35 0.028 
Smoking 0.09 0.55 0.28 0.082 
D iabetes mell itus 0. 15  0.35 -0. 1 7  0.3 1 
History of CVD 0. 1 2  0.45 -0.27 0.097 
Family h istory of CVD 0.G l 0.96 -0.22 0. 1 8  
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Physical examination· 
Systolic blood pressure ( mm Hg) -0.06 0.70 -0. 1 5  0.40 
D1astol1c blood pressure ( mm Hg) -0.32 0.054 -0. 1 2  0.50 
Heart rate (bpm) 0.00 0.99 -0.34 0.008 0.05 0.78 
Body mass i ndex (kg/m2) 0 . 1 3  0.44 -0.30 0.077 

Laboratory assessments 
Hb (g/dl) 0.20 0.20 -0. 1 8  0.26 
HbA1c (%) -0. 13  0.43 -0.08 0.64 
Calcium-Phosphate product -0.08 0.62 -0.08 0.65 
Triglycerides ( mg/di) 0 .20 0.20 -0. 1 6  0.32 
Total cholesterol ( mg/di) 0 . 1 3  0.40 -0. 1 0  0.56 
LDL cholesterol ( mg/di) 0.06 0.69 0.05 0.77 
Total protei n  (g/1) 0 .42 0.006 -0.26 0 . 1 1  
Albumin (g/1) 0.40 0.008 -0.30 0.069 

Med ication ( n, %) 
ACEi -0.20 0.20 0. 1 7  0.30 
�-blockers 0.04 0.78 -0.05 0.77 
Ca-antagonists 0.08 0.63 -0. 1 1  0.49 
Diuretics -0.23 0. 14  -0.06 0.73 
Eryth ropoIetin -0.20 0. 1 9  0.23 0. 16  
Stat ins -0. 0 1  0.97 -0.30 0.069 

Note. Skin -AF and average E' were used as dependent variable. Only parameters that obtained at least a p-value 
of �0. 10  i n  un ivanable l i near regression analysis were included in mu ltivariable regression analysis. 1Skin-AF 
( a. u.) was i nversed and mu lt1 p l1ed by - 1 ;  Abbreviations. �, standard ized regression coefficients; NYHA: New 
York Heart Assoc1at 1on; CVD: Cardiovascular d isease; H b: Hemoglobin; LDL: Low-density l 1poprotein;  ACE1 : 
Angiotensin convert ing enzyme i nh i bitor; CML: carboxymethyllys ine;  CEL: carboxyethyllysine. 

D iscuss ion 
The main result of our study is that AGE accumulation, measured as skin-AF, is independently 
associated with diastolic function in dialysis patients. Age, dialysis type, and skin-AF together 
explain 54% of the variance of diastolic function. Plasma AGE levels were not associated with 
diastolic function in our study. To our knowledge, this is the first study that demonstrates the 
relation between diastolic function and AGE accumulation in dialysis patients. 

Diastolic dysfunction is a frequent finding in dialysis patients, and associated with 
an impaired survival.10- 1 2. We used tissue velocity imaging (TVI) as a diagnostic tool 
to assess diastolic function. TVI is a non-invasive tissue Doppler echocardiographic 
technique that measures the myocardial tissue velocities of the mitral valve annulus 
during diastole. Although TVI measurement is less affected by changes in pre-load 
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i n  opposit ion to conventional Doppler echocard iography, m easu rements are sti ll p re
load dependent. To prevent pre- load dependent d i fferences all echocard iography 
measurements in hemodialysis patients were perfo rmed before d ialysis therapy. 
Diastolic function is strongly related to age in the general popu lation. Although we d id 
not use an age-dependent cut-off point to d iagnose d iastolic dysfunction, our  results were 
adjusted for age. Hypertension is another well known risk factor for d iastolic dysfunction.  
However, we d id not find a significant assoc iation between d iastolic function and blood 
pressure, although we d id find a modest association between d iastol ic function and a h istory 
of hypertension. Fu rthermore, we found that d iastolic b lood p ressu re, although i nsign ificant, 
can explai n an add itional 7% of the variance of d iastol ic function in mu ltivariable analysis. 

Ski n-AF was used as a measure for tissue AG E accu mu lation .  We previously demonstrated 
that ski n-AF shows a strong correlation with collagen l inked fluorescence (R=0.7 1 ,  
P<0.00 1 ) ,  pentos id i ne levels (R=0.75, P<0.001  ) ,  and levels of the non-fluorescent A G  Es 
Ne:-( carboxymethyl) lysi ne (R=0.45, P=0.0 1 ), and Ne:-( carboxyethyl)lys ine (R=0.45, 
P=0.0 1) measu red in tissue biopsies obtai ned from d ialysis patients 9. Fu rthermore, ski n -AF 
levels were independently associated with an impai red prognosis of d ialysis patients 9. 

I n  contrast with t issue AG E accu m u lat ion ,  plasma AG Es levels were not associated with 
d iastol ic function in the p resent study. Both the LC-MS/MS method, as well as the H PLC 
method used i n  ou r  study to assess p lasma AG Es are cu rrently considered as the most 
accu rate methods avai lab le.  I n  ou r  op i n ion ,  ou r  find i ngs m ay suggest that p lasma AG E 
levels do not adequately reflect t issue AG E accu m u lat ion .  I ndeed, CML explai ns on ly a 
part of measured ski n -AF i n  ou r study, whereas pentosid i ne  and CEL have not shown 
an independent re lat ionsh i p  with ski n -AF. Plasma AG E leve ls may be fu rther i nfluenced 
by d ialysis modalit ies, and absorpt ion from food and smoki ng. I ndeed , we showed that 
p lasma AG Es i n  these d ialysis pat ients were strongly assoc iated with d ialys is q uality, 
but not related to trad it ional determ i nants of AG E format io n  l ike age, and H bA le .  
However, we can not exclude the poss ib i l ity that a power issue  may exp lai n the lack of  
correlat ion found  between plasma AG Es and d iastol ic funct ion .  Add it ionally, it wou ld 

seem reasonable to assume that t issue AG Es are more close ly related to d iasto l ic fu nction ,  
because they are i ntri ns ically li n ked with the actual pathophysiological effects of AG Es, 
i . e. protei n  cross- l ink i ng. 

Although ou r  data l im its us  d raw conclus ions about causal ity, ou r  resu lts are i n  l i ne  with 
the hypothesis that AG Es p lay a pathophys io logical ro le in the deve lopment of d iasto l ic 

dysfu nction . AG Es may contri bute to the development of d iasto lic dysfu nct ion e i ther 
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via cross-l inking of matrix molecules or via the interaction with AGE-receptors. Cross
linking of extracellular matrix proteins is essentially a physiological phenomenon. AG Es, 
however, can covalently bind other AG Es, and form additional cross-links between matrix  
proteins l ike collagen, laminin, and elastin 8. Excessive cross-linking caused by AGE
accumulation undermines the flexibi lity of matrix proteins. This increased rigidity may 
induce diastolic dysfunction in the heart. One of the receptor mediated effects of AG Es 
is the induction of fibrosis via the upregulation of transforming growth factor-� (TGF-�) 
17. AGE receptor activation also influences calcium metabolism in cardiac myocytes, 
causing a significant delay in calcium re-uptake and consequent increase in the duration 
of the repolarisation phase 18 . 

The role of AG Es in the development of diastolic dysfunction has been investigated 
extensively in animals 19-23_ The effect of various AGE-lowering strategies used in these 
studies confirms an active role for AG Es in the development of diastolic dysfunction. 
Only a limited number of human studies have been published, of which none in dialysis 
patients24·26. Berg et al.24 analyzed serum AGE levels and left ventricular diastolic 
function in 52 patients with type 1 diabetes. The authors found a positive correlation 
between serum AG Es and isovolumetric relaxation time, and left ventricular end
diastolic diameter. No correlation was found between AG Es and other echocardiographic 
parameters for diastolic function. It should be noted, however, that tissue velocity or 
Doppler imaging was not used to determine diastolic function in the latter study. 
The most convincing evidence for a role of AG Es in the development of cardiac dysfunction 
originates from 2 trials with the AGE cross-link breaker alagebrium ( ALT-711) in patients 
with chronic heart failure. In the DIAMOND trial, Little et al.25 treated 23 patients with 
stable diastolic heart failure open-label with ALT-711. After 16-weeks, left ventricular 
mass ( measured by MRI) was reduced and diastolic function ( measured by tissue Doppler) 
had improved. Furthermore, the drug was well tolerated and had a positive effect on 
patients' quality of life. The PEDESTAL trial is an open-label study investigating the effects 
of ALT-711 on diastolic function and left ventricular mass in 20 patients with systol ic 
heart failure and diastolic dysfunction. Preliminary results confirm the findings of the 
DIAMOND trial 26. Although the results of both trials should be interpreted with caution 
due to the open-label design, further exploration of the effects of AGE-lowering therapies 
is warranted as no therapy has as yet shown effectiveness in the treatment of diastolic heart 
failure. A prospective randomized, double-blind, placebo-controlled trial on the effects 
of alagebrium on exercise tolerance and diastolic function in 100 chronic heart failure 
patients is currently ongoing (BENEFICIAL trial, www.clinicaltrials.gov; NCT00516646). 
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Con c lusion 
Tissue AG Es measured as skin-AF, but not plasma AGE levels were related to diastolic 
dysfunction in dialysis patients. Although this may support the concept that tissue AG Es 
explain part of the increased prevalence of diastolic dysfunction in these patients, the 
ambiguous relation between plasma and tissue AG Es needs further exploring. Moreover, 
the concept that AG Es are related to the development of diastolic dysfunction needs to be 
established in interventional studies using AGE lowering therapies. 
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Abstract 
Background 
Left ventricular diastolic dysfunction is common in hemodialysis patients and is 
associated with worse outcome. Previous studies have shown that diastolic function 
parameters deteriorate from pre-dialysis to post-dialysis but this has not been studied 
during hemodialysis. We studied the evolution of diastolic function parameters early and 
late during hemodialysis. 

Study Design 
Observational study. 

Participants 
Hundred-nine adult hemodialysis patients on a thrice-weekly dialysis schedule with a 
median (interquartile range) age of 66 (51-75) years were studied between March 2009 
and March 2010. 

Factor 
Hemodialysis with constant ultrafiltration rate and dialysate conductivity. 

Measurements 
Mitra[ early inflow (E) and tissue-Doppler-derived early diastolic velocity ( mean e') were 
evaluated by echocardiography pre-dialysis, at 60 and 180 min intra-hemodialysis, and 
post-dialysis. Relative blood volume changes were calculated from changes in hematocrit. 

Results 
Pre-dialysis E and mean e' were 0.93±0.24 mis and 6.6±2.1 cm/s, respectively. 
E and mean e' decreased significantly during hemodialysis (both p<0.001). The 
steepest change occurred at 60 min after the start of hemodialysis (E: -21.4±17.6% 
and -30.5±19.2% at 60 and 180 min, respectively; mean e': -16.0±18.6% and 
-19.5±21.8% at 60 and 180 min, respectively). At 60 min intra-hemodialysis, neither 
the change in blood volume and BNP nor the cumulative ultrafiltration volume was 
significantly associated with changes in E and e'. 

Limitations 
Relative blood volume changes may not fully reflect central blood volume changes. 
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Conclusion: 
Left ventricu lar d iasto lic fu nct ion deteriorates already early du ring hemod ialysis . The early 

change in d iasto l ic fu nction parameters seems to be u n related to vo lume changes. This 

suggests that non-vo lume related mechanisms are i nvo lved i n  the early deteriorat ion of 

d iastol ic funct ion d u ri ng hemod ialysis. 

Keywords: 

Blood volu me, card iovascu lar d isease, d iastol ic fu nction ,  hemodialys is. 
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Introduction 
Cardiac mortality and morbidity rates are strongly elevated in hemodialysis patients 
compared with the general population 1 · 2. Left ventricular (LV) hypertrophy, cardiac 
arrhythmias, systolic and diastolic LV dysfunction are frequently present and contribute to 
the high cardiovascular event rate3 . A variety of traditional and non-traditional risk factors 
have been identified but these factors can only partly explain the high incidence of cardiac 
dysfunction and cardiac events2. It is increasingly recognized that the hemodialysis 
procedure itself may contribute to the high rate of cardiac mortality and morbidity4· 5 . 

Various studies have shown that the hemodialysis procedure is associated with 
electrocardiographic signs of ischemia6 , rises in cardiac troponins7 · 8, acute reductions in 
myocardial perfusion9 · 10, development of regional LV systolic dysfunction4· 1 1 ,  and sudden 
cardiac death 12 . 

Diastolic LV dysfunction is a frequent finding in hemodialysis patients. The reported 
prevalence varies between 25% and 87%, depending on the definition used and 
the patient population studied13 · 14. It is generally accepted that subclinical diastolic 
dysfunction is associated with an increased risk for development of overt heart failure 15 . 

L ike in the non-renal population, diastolic dysfunction is associated with a reduced survival 
in dialysis patients 1 5 . Besides uremic myocardial disease16· 17 atherosclerotic changes of 
the cardiac vascular bed, and associated cardiac remodelling18, hemodialysis itself may 
predispose for progression of diastolic dysfunction. 
Previous studies showed a deterioration of diastolic function after hemodialysis compared 
with pre-dialysis19· 23. However, no study has evaluated diastolic function parameters 
during hemodialysis. The primary objective of this study was, therefore, to assess the acute 
effects of hemodialysis on diastolic function using serial echocardiographic assessments 

Methods 
Patients and study design 

Adult hemodialysis patients (� 18 years) from the Dialysis Center Groningen and the 
University Medical Center Groningen were eligible for this study if they had been treated 
with hemodialysis for more than 3 months and were on a thrice-weekly dialysis schedule. 
Patients with severe heart failure (NYHA stage IV) and patients that did not have an 
adequate window for echocardiography imaging were excluded. 
Patients were studied at the dialysis session following the longest interdialytic interval. The 
dialysis duration was 4 hours. Blood pressure and heart rate were measured at the start of 
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hemodialysis, every 30 min during dialysis, and 30 min post-dialysis. Blood was sampled 
from the arterial dialysis line at the start of hemodialysis, at 60 and 180 min intra-dialysis, 
and at the end of the dialysis session for the determination of hematocrit, albumin, total 
and ionized calcium, magnesium, and brain natriuretic peptide (BNP). The change in 
blood volume was calculated from the change in hematocrit: ((Ht/Ht

1
)-1) x 100. Ht

0 
and 

Ht
1 
represent the hematocrit at the start of hemodialysis and during dialysis, respectively. 

Equilibrated Kt/V was calculated from pre- and post-dialysis plasma urea concentration 
according to the second-generation logarithmic Daurgirdas equation 24. 
Echocardiography was performed four times: before hemodialysis, at 60 and 180 min 
intra-hemodialysis, and 30 min post-dialysis. The study was performed according to the 
Declaration of Helsinki and was approved by Medical Ethical Committee of the University 
Medical Center Groningen. All patients signed written informed consent. 
Patients' characteristics were assessed at entry into the study. Diabetes was defined as 
fasting blood glucose >6 mmol/l or the use of anti-diabetic drugs. Hypertension was 
defined as a pre-dialysis systolic blood pressure> 140 and/or diastolic blood pressure 
>90 mm Hg or the use of anti hypertensive drugs. Cardiovascular history was defined as 
any history of ischemic heart disease, congestive heart failure, Coronary Artery Bypass 
Grafting (CABG), Percutaneous Coronary Intervention (PCI), stroke, or peripheral 
vascular disease. 

Laboratory procedures 
Blood samples were processed within one hour. Hematocrit was measured on a Sysmex 
XE-2100i Hematology analyzer (Sysmex Corporation, Kobe, Japan). Plasma albumin 
and magnesium were measured on a Roche Modular P (Roche Diagnostics, Mannheim, 
Germany). Ionized calcium was measured by ABL-825 (Radiometer, Copenhagen, 
Denmark). BNP was measured by the micro particle enzyme immunoassay ( Abbott 
Diagnostics, Abbott Park, Illinois, USA). 

Dialysis setting 
All patients were on bicarbonate dialysis with a low-flux polysulfone hollow-fiber dialyser 
(F8, Fresenius Medical Care, Bad Hamburg, Germany). Blood flow and dialysate flow 
rates were 250-350 ml/min and 500 ml/min, respectively. Dialysate temperature was 
36.0°C in all patients. Dialysate composition was sodium 139 mmol/l, potassium 1.0 
or 2.0 mmol/l, calcium 1.5 mmol/l, magnesium 0.5 mmol/l, chloride 108 mmol/l, 
bicarbonate 34 mmol/l, acetate 3.0 mmol/l and glucose 1.0 g/l. We used constant 
ultrafiltration rate and dialysate conductivity. Ultrafiltration rate was expressed in ml/h/ 
kg by dividing ultrafiltration volume by dialysis session length and target weight. The 
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water for hemodialys is com plied with the requ i rements of the European Pharmacopoeia 
( < 100 colony form i ng un its/ml; <0 .25 endotox in  u n its/ml). Patients rece ived a l ight 
meal after the echocard iography at 60 m i n  i ntra-hemod ialysis . All pat ients were d ialysed 
in sup ine posit ion s ince this was the most conven ient posit ion for repeated i ntra-d ialys is 
echocard iography. 

Echocardiography examination 

Two-d imensional echocard iography was performed i nclud i ng colou r  flow mapp ing, 
blood pool, and t issue Doppler echocard iography. A ded icated team of experienced 
techn ic ians, us i ng a General Electric VIVID 7 system with a 2.5-mHz probe, recorded 
echocard iograph i c  images. One experienced tech n ic ian (YM H) performed al l the 
analyses off- l ine accord ing to the gu idel ines of Eu ropean Society of Echocard iography25. 
At least three consecutive heartbeats i n  each view were acq u i red. Peak early (E) and 
late (A) d iastol ic fi ll ing velocit ies, decelerat ion t ime, and isovolemic relaxation t ime were 
measu red at each t ime poi nt. Tissue Doppler derived early d iasto lic velocity ( e') was 
measu red on the lateral, septal, anterio r, and i nferior j u nction  of myocard i um and m itral 
valve annu lus. From  these values, the average value of e' ( mean e') was calcu lated . P re
d ialysis lV d iasto l ic fu nction was graded us ing the recent classificat ion system by Nagueh 
et a/25

. lV mass i ndex was calcu lated as descri bed prev iously26
. lV hypertrophy (lVH) was 

defined as lV mass i ndex >95 g/m2 for women and > 1 15 g/m 2 for men .  

Statistical analysis 

Data are reported as mean ± SD for cont i nuous variables with normal d istri but ions, 
med ian (i nterquart i le range ( IQR)) for skewed variab les, and n umber (%) for categorical 
data. Com parisons of parameters with basel ine were made by pai red t-test, Wi lcoxon 
signed- rank test and x2 for parametric, non-parametric, and categorical variables, 
respectively. The overall change in t ime was analyzed us ing ANOVA and Kruskal-Wall is 
for parametric and non-parametric variables, respective ly. Spearman's rank correlat ion 
was used to assess the correlat ion between ( changes i n) various parameters and the 
change in  E and mean e' . Mu lti p le regress ion models were com puted i n  which the 
poss ib le associat ion between b lood vo lume change and the change i n  E & mean e'  was 
corrected for age and gender. In a separate model we also corrected for pre-d ialys is lV 
mass i ndex and heart rate s i nce lV hypertrophy may impai r d iasto l ic fi ll i ng27· 28 and s ince 
heart rate determ i nes the t ime that is avai lable for d iastol ic fi ll ing29· 30 . For th is analysis, E 
and mean e' were log-transformed.  A two-sided P value <0 .05 was considered sign ificant. 
All stat ist ical analyses were performed with STATA vers ion 1 1 . 
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Results 
Patient characteristics 
One hundred and nine patients participated in this study. The patient characteristics are 
shown in Table 1. The median (IQR) age was 66 (51-75) years and 65% were male. 
They had been treated with dialysis for a mean of 21.7 (8.0 - 48.5) months. Twenty-one 
percent of patients had diabetes and 80% had hypertension. 

Table 1. Patient characteristics. 

Variable Study population ( n=109) 

Age, year, ( median, IQR) 66 (5 1 -75) 

G ender, male, n (%) 7 1  (65) 

D ia lysis vi ntage, months ( median, IQR) 2 1 .  7 (8.0-48.5) 

D iabetes, n (%) 23 (2 1)  

Hypertension, n (%) 87 (80) 

Body mass index, kg/m2 ( median, IQR) 25.3 (23.0-28.3) 

Card iovascular h istory, n (%) 25 (23) 

Left ventr icu lar mass index, g/m2 (mean ± SD) 93.3 ± 25.9 

Pr imary renal d isease, n (%) 
Hypertension 18 ( 1 7) 

D iabetes 14 ( 1 3) 

ADPKD 14 ( 1 3) 

FSGS 1 0  (9) 

lgA nephropathy 4 (4) 

Chron ic  pyelonephnt1s 3 (3) 

G lomeruloneph ritis 13 ( 1 2) 

Other 1 6  ( 15) 

Unknown 17 ( 1 6) 

Albumin ,  g/I (mean ± SD) 39. 1 ± 3.3 

Kt/V ( med ian ,  IQR) 4.3 (3.8-4.6) 

Abbreviations: IQR, i nterquarti le range; S D, standard deviation ;  ADPKD, adu lt dom inant polycystic k idney 
d isease; FSGS, focal segmental glomeru losclerosis. 

Blood pressure, heart rate and clinical tolerability of the hemodialysis procedure 
The average (±SD) total ultrafiltration volume was 2.55 ± 0.78 l and the mean 
ultrafiltration rate was 8.5 ± 2.6 ml/kg/h (Table 2). Blood volume fell significantly during 
hemodialysis (Table 2). Systolic and diastolic blood pressure fell and heart rate increased 

65 



Chapter 5 

66 

significantly during dialysis (Table 2). None of the patients had angina or any other 
symptom during or post-dialysis that raised clinical suspicion of myocardial ischemia. 

Table 2. Blood volume change, ultrafiltration volume, blood pressure & heart rate, and laboratory parameters 
before, during, and after hemodialysis (n=1 09) 

60 min intra- 180 min  intra- 30 min post- p 
Pre-dialysis 

d ialysis dialysis d ialysis value# 

U ltrafiltration vo lume, [  
0 .64 ± 0. 19** 1 .92 ± 0.58** 2.55 ± 0.78** 

(mean ± SD) 
-

U ltrafiltrat ion rate, 
8 .5 ± 2.6 8 .5 ± 2.6 8.5 ± 2.6 

m l/kg/h (mean ± SD) 

Blood volume change, 
- 1 . 1  ± 3.8** -3 .8 ± 4.6*** -4.3 ± 5.2*** <0 .01  

% (mean ± SD) 

Systolic BP, m m  Hg 
140.3 ± 24.9 132.6 ± 23.6** 1 24.0 ± 28.8*** 13 1 .9  ±25.6*** <0.00 1 

(mean ±SD) 

Diastol ic BP, m m  Hg 
80.5 ± 1 6. 7  73 .4 ± 13 .2*** 70.6 ± 1 9.8** 73.4 ± 14.2*** <0.00 1 

(mean ± SD) 

Heart rate, bpm 
73 (63-82) 74 (66-85) 76.5 (69 -87)** 79  (68-87)*** 0.05 

( median, IQR) 

Hematocrit, L/L 
34.9 ± 3 .8 35 .5 ± 3.7** 36.3 ± 4. 1 *** 36.5 ± 4.2*** 0.D l 

(mean ± SD) 

Ion ized calc i um ,  
1 . 2 1  ± 0 .09 1 .24 ± 0.06*** 1 .24 ± 0 .05*** 1 .25 ± 0.05*** <0.00 1 

mmol/L (mean ± SD) 

Magnesi um,  mmol/L 
1 .07 ± 0. 1 8  0.93 ± 0 . 12*** 0.89 ± 0 .08*** 0.87 ± 0.07*** <0.00 1 

(mean ± SD) 

BNP, ng/L 337 293 277  278  
0.59 

( med ian, IQR) ( 1 6 1 -736) ( 1 62-6 77) **  ( 145-630)*** ( 148-626)*** 

Abbreviations: SD,  standard deviat ion;  IQR, i n terquart i le range, BP, b lood pressure; BNP, brai n natnuretic 
peptide. * p<0.05, ** p<0.O 1, *** p<0.00 1 compared to pre-d ialysis. 
# P-value for the overall change. 

Echocardiographic parameters 

The mean left ventricular mass index was 93.3 ± 25.9 g/m2. According to the Nagueh 
Classification of LV diastolic function, only 29% of patients had normal pre-dialysis 
diastolic function (grade 0). Grade I, II, and Il l diastolic dysfunction was observed in 14%, 
45 %, and 12% of patients, respectively. As shown in Table 3, mitral early inflow E fell 
early during hemodialysis. At 60 min intra-hemodialysis, E had fallen to -21.4 ± 17.6% 
compared with pre-dialysis (p<0.001 ). At 180 min intra-dialysis, E had further declined 
to -30.5 ± 19.2% compared with pre-dialysis (p<0.001). At 30 min post-dialysis, E had 
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partially recovered to -20.0 ± 17.0 but was still significantly (p<0.001) lower compared 
with pre-dialysis. The E/ A ratio decreased and deceleration time and isovolemic relaxation 
time increased significantly during hemodialysis (all p<0.001) with the most prominent 
changes occurring within the first 60 min of dialysis. 
Tissue Doppler derived mean e' decreased early during hemodialysis (Table 3). At 60 
min intra-hemodialysis, mean e' had fallen to -16.0 ± 18.6% compared with pre-dialysis 
(p<0.001). At 180 min intra-hemodialysis, mean e' had further declined to -19.5 
± 21.8% compared with pre-dialysis. At 30 min post-dialysis, mean e' had partially 
recovered but was still -12.3 ± 21.1 % compared with pre-dialysis (p<0.001). E/e' 
decreased significantly at 60 min intra-dialysis (p<0.001) and was stable during the 
remainder of the dialysis session (Table 3). 

Table 3. Echocardiographic parameters before, durmg, and after hemodialysis (n= 109). 

Pre-dialysis 
60 min intra- 180 min intra- 30 min post-

P value# 
dialysis dialysis dialysis 

E, m/s 
0.93 ± 0 .24 0.7 1 ± 0.22*** 0.63 ±0.20··· 0.73 ± 0.23*** <0.001  

(mean ± SD) 

A, mis 
0.86 ± 0 .24 0.82 ± 0.2 1 * 0.80 ± 0.22··· 0.84 ± 0.23 0.36 

(mean ± SD) 

E/A 
1 . 1 1  ± 0 .34 0.88 ± 0.28*** 0.82 ± 0.37*** 0 .88 ± 0.28*** <0.001 

(mean ± SO) 

DT, s 
224 ± 83 258 ± 86*** 282 ± 94••· 253 ± 70*** <0.001  

(mean ± SD) 

IVRT, s 
94 ± 25 1 15 ± 33••· 1 1 2 ± 35••· 1 07 ± 3 1 *** <0.00 1 

(mean ± SD) 

M ean e', cm/s 
6.6 ± 2 .1  5 .6 ± 2.2··· 5.3 ± 2.0*** 5.8 ± 2.0*** <0.00 1 

(mean ± SD) 

E/e' 
15 . 1 ± 5.6 14.3 ± 7. 1 ** 13 .6 ± 7.3*** 14.0 ± 6.9*** 0.02 

(mean ± SD) 

Abbreviations: DT, deceleration  t ime; IVRT, 1sovolem1c relaxation t ime; SD, standard deviation .  • p<0.05, •• 
p<0.0 1 ,  ••• p<0.00 1 in comparison with p re-d 1alys1s. 
# P-value for the overall change. 
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Figure 1a shows the changes in E and mean e' in relation to the change in blood volume. 
The steepest reductions in E and mean e' occurred from pre-dialysis to 60 min intra
hemodialysis, whereas the most prominent blood volume occurred at 180 min intra
dialysis and at the end of the dialysis session. 
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Figure 1. 

Changes in blood volume, E, and mean 
e' in comparison with pre-dialysis 
values. 7he lines and error bars 
depict mean and standard deviation 
of the 109 patients. 7he duration 
of hemodialysis was 240 minutes; 
'+30' indicates the 30 min post
hemodiolysis echocardiography. 

• Denotes p<O. 05 and •• p<O.01  in 
comparison with pre-dialysis values. 

Correlations between volume parameters, blood pressure & heart rate, electrolyte 
changes and the change in diastolic function parameters 
At 60 min intra-hemodialysis, none of the volume parameters ( change in blood volume, 
ultrafiltration volume, ultrafiltration rate, change in BNP) correlated significantly with 
the change in E and mean e' (Table 4). At 180 min intra-hemodialysis, the blood volume 
change correlated significantly with the change in both E and mean e' (Table 4). Post
dialysis, various volume indices correlated significantly with the change in both E and 
mean e' (Table 4). 
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Table 4. Correlation between changes in volume indices and changes in E & mean e '. 

Change in E Change in mean e' 

60 mm 180 mm Post- 60 min 1 80 min 
i ntra-HD intra-H D  d 1alys1s i n tra-HD i ntra-HD 

Change i n  blood volume 
R=0. 18; R=0.24; R=0.24; R=0.06; R=0.24; 
p=0.08 p=0.02 p=0.0 1 p=0.54 p=0.02 

U ltrafiltrat1on volume 
R= -0. 13; R= -0. 18 ;  R= -0.40; R=0.0 1 9; R= -0.076;  
p=0.2 1 p=0.07 p<0.000 1 p=0.85 p=0.45 

U ltrafiltrat1on rate 
R= -0. 14; R= -0. 1 8; R= -0.28; R= -0.033; R= -0.0 13 ;  
p=0. 18  p=0.06 p=0.003 p=0.75 p=0.90 

Change m BNP level 
R=0. 1 7 ; R=0. 1 7 ;  R =  -0.03; R=0.025; R=0. 13; 
p=0.09 p=0.08 p=0.76 p=0.80 p=0.2 1 

R and p denote the Pearson's correlation coefficient and p-value, respectively. 
Abbrev1at1ons: HD, hemod1a lys1s; BNP, brain natri uret1c peptide; LVM I ,  left ventricu lar. 

Post-
d ialysis 

R=0.20 ;  
p=0.05 

R= -0.2 1 ;  
p=0.035 

R= -0. 1 8; 
p=0.06 

R=0.049; 
p=0.64 

Pre-dialysis LVMI correlated significantly with the change in E at 180 min (R 0.23 ; P 
0.03); a higher LVMI was associated with a greater fall in E. At the other time points there 
was no significant correlation between pre-dialysis LVMI and the change in E ( data not 
shown). Pre-dialysis LVMI did not correlate significantly with changes in mean e' at any 
time point ( data not shown). There was no significant correlation between heart rate and 
the change in E and mean e' ( data not shown). 
At 60 min and 180 min intra-hemodialysis, the change in plasma concentrations of 
ionized calcium and magnesium did not correlate significantly with changes in E and 
mean e' ( data not shown). Post-dialysis, however, the change in mean e' correlated 
significantly with the change in ionized calcium (R 0.23 ; P 0.04); a greater decrease in 
ionized calcium levels was associated with a greater fall in mean e'. 
In multivariate analysis ( correcting for age, gender, pre-dialysis LVMI, and heart rate), 
changes in both E and mean e' were not significantly associated with the change in blood 
volume at 60 min intra-hemodialysis (Table 5). At 180 min intra-hemodialysis, the 
change in E was significantly associated with the change in blood volume after correction 
for age and gender but not as well as after additional correction for pre-dialysis LVMI 
and heart rate. The change in mean e' was not significantly associated with the change in 
blood volume at any time point (Table 5). 
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Table 5. Multivariate analysis of the associations between the change in diastolic parameters and the change in 
blood volume. 

E change I Mean e' change 

� p-value I 95% CI I r2 I � I p-value I 95% CI I r2 

B lood volume change at 60 m in :  

Model 1 * 0.009 0.08 I -0.00 1 -0.0 1 8  I 0.04 I 0.002 I o.64 1 I -0.007-0.0 1 1 I 0.0 1 

Model 2** 0.0 1 0  O.D7 1 -o.oo 1 -0.02 1 1 0.D7 I 0.005 I o.36o I -0.006-0.0 15  I 0.08 

Blood volume change at 1 80 m in :  

Mode l  1 * 0.0 1 6  0.002 I 0.006-0.025 I 0. 10  I 0.007 I 0.09 I -0.00 1 -0.0 15  I 0.04 

Model 2** 0.0 1 2  0.D 1 8  I 0.002-0.02 1 I 0. 1 9  I 0.006 I 0.26 1 I -0.004-0.0 1 6  I 0.05 

* Corrected for age and gender. 

** Corrected for age, gender, pre-d ia lysis LVM I  and heart rate. 

D iscuss i o n  

In this study we evaluated the acute effects of hemodialysis on LV diastolic function. 
The main finding is that diastolic function significantly deteriorated early ( at 60 min) 
during hemodialysis. 

Previous studies have exclusively assessed diastolic function before and after 
hemodialysis19-22 . The present study confirms the results of these studies and, additionally, 
shows that the deterioration of diastolic function during hemodialysis is even worse than 
is captured when only pre- and post-dialysis echocardiographies are being performed. 
The early studies used conventional mitral valve inflow diastolic parameters like E and 
E/ A to evaluate the effect of hemodialysis on diastolic function19 · 20 . Subsequent studies 
demonstrated that the less pre-load dependent diastolic function parameter, tissue 
Doppler velocity ( mean e'), also deteriorates from pre- to post-hemodialysis21  23 . The 
present study shows that hemodialysis acutely affects both mitral valve inflow and tissue 
Doppler velocities. These two parameters follow a comparable time course with the 
steepest changes in the first hour of hemodialysis. 

As echocardiographic parameters of diastolic function are known to be volume
dependent, most groups have attributed the change in diastolic function parameters 
during hemodialysis to hypovolemia as a result of ultrafiltration. However, none of these 
studies has evaluated diastolic function parameters in relation to volume parameters. 
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Our study shows that there are significant associations between the change in diastolic 
function parameters and several volume indices at 180 min intra-hemodialysis and 
post-dialysis. This is not unexpected since the decrease in blood volume is probably 
sufficient to affect ventricular filling by a reduction in preload. However, at 60 minutes 
of hemodialysis, we did not find an association between the change in diastolic function 
parameters and volume indices. Additionally, not only mitral valve inflow E but also the 
less pre-load dependent diastolic function parameter, tissue Doppler velocity mean 
e', decreased dramatically at 60 min intra-hemodialysis. Finally, the course of E and 
mean e' did not mirror the change in blood volume. These findings raise the possibility 
that volume changes are not the dominant factor in the early deterioration of diastolic 
function during hemodialysis. 

Various non-volume related mechanisms could cause an impairment of LV relaxation 
and, consequently, a reduction in LV diastolic filling. Notably, these factors are not 
mutually exclusive and different mechanisms may be involved at varying time points 
during hemodialysis. First, LVH may contribute to diastolic dysfunction since it opposes 
LV diastolic filling27• 28 . In the present study, we found a significant correlation between 
LVMI and the change in E late during hemodialysis. Second, reductions in blood pressure30 

and increases in heart rate29 may affect diastolic filling. In this study, a greater increase 
in heart rate correlated significantly with a greater decrease in E but not in mean e'. 
Third, changes in plasma concentrations of calcium and magnesium may influence 
LV relaxation31 · 32 . We found a significant association between the change in ionized 
calcium level and the change in mean e' post-dialysis but not at 60 min and 180 min 
intra-hemodialysis. Fourth, hemodialysis-induced myocardial ischemia may cause 
impaired LV relaxation and, thus, diastolic dysfunction. We and others have previously 
shown that hemodialysis induces a pronounced reduction in myocardial blood flow9· 
10. Interestingly, myocardial blood flow fell significantly already within 30 min after the 
start of hemodialysis before the start of ultrafiltration1 0 . Studies that evaluate the effect 
of hemodialysis on diastolic function in relation to changes in myocardial perfusion may 
elucidate whether myocardial ischemia is indeed involved in the early hemodialysis
induced diastolic function deterioration. 

Th e  observation that diastolic function deteriorates during hemodialysis adds to the 
increasing evidence that conventional hemodialysis is associated with acute cardiac 
stress5· 1 1 . Repetitive hemodialysis-induced cardiac stress may have cumulative adverse 
effects on cardiac function that leads to cardiac failure and eventually death. It has been 
shown that hemodialysis-induced LV systolic dysfunction predisposes for progressive 

7 1  



Chapter 5 

7 2  

LV systolic function deterioration4. At  present, i t  is not known whether the deterioration 
of diastolic function during hemodialysis also predisposes for progression of diastolic 
dysfunction over time. 

A limitation of this study is that the measurement of relative blood volume may 
be influenced by various factors like changes in posture and food intake during 
hemodialysis33 although posture (supine) and food intake (light meal) were standardized 
in this study. Additionally, the change in blood volume may underestimate the change in 
absolute blood volume34. However, we have previously shown by direct measurement of 
absolute blood volume that the change in absolute blood volume paralleled the relative 
blood volume change in the first hour of hemodialysis34. This still does not exclude the 
possibility that changes in relative blood volume did not mirror central blood volume 
changes. Future studies should measure the change in diastolic function during 
hemodialysis in relation to central blood volume. A second limitation of this study is that 
we did not perform echocardiography at the nadir of the blood volume decline which is 
usually reached at the very end of the hemodialysis session ( at 240 min) but, instead, at 
180 min into the hemodialysis session. 

In conclusion, left ventricular diastolic function deteriorates early during hemodialysis and 
this early deterioration of diastolic function seems to be unrelated to volume changes. This 
suggests that non-volume related mechanism are involved in the early deterioration of 
diastolic function, e.g. myocardial ischemia or other as yet unidentified mechanisms. 
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Abstract 
Background 
Long QT syndrome (LQTS) type 3 is characterized by prolonged ventricular repolarization 
due to persistent sodium inward current secondary to a mutation in SCN5a, the gene 
encoding for the a-subunit of the sodium channel. We speculated that by disrupting 
calcium-homeostasis the persistent inward sodium current in patients with LQTS type 3 
might cause derangement of diastolic function. 

Objective 
We aimed to identify functional myocardial alterations in a family with a sodium
channelopathy with a phenotype of both LQTS type 3 and Brugada syndrome. 

Methods 
The study group comprised 12 SCN5a mutation carriers (SCN5a-1795insD), 9 
females and 3 males, mean age 35.7 ± 7.3 years, and 12 healthy controls. In addition to 
conventional echocardiographic measurements, 20 speckle tracking was performed to 
assess tissue properties. 

Results 
Left ventricular dimensions and mass as well as left ventricular systolic function ( ejection 
fraction, global longitudinal systolic strain) were comparable in the patients and the 
controls. Mean e' was lower in the patients compared to the controls (5.6 ± 0.75 vs. 6.7 
± 0 .98 emfs, p= 0.006). Onset QRS to maximum s' was longer in the patients than in 
the controls (0.20 ± 0.04 vs. 0.15 ± 0.05 s, p = 0.007), and in the patients number of 
segments with post-systolic shortening was higher as compared to the controls (6.58 
± 2.54 vs. 1.83 ± 1.64, p < 0.001). Right ventricular e' was lower in the patients as 
compared to controls (5.4 ± 1.22 vs. 7.6 ± 2.5, p = 0.038). 

Conclusion 
The patients in this family with LQTS type 3 showed post-systolic shortening, as well as 
both left and right ventricular diastolic dysfunction. These results support the notion that 
persistent sodium inward current leads to diastolic dysfunction. 

Keywords: 
Long QT syndrome, SCN5a, Echocardiography, Speckle tracking, Post systolic 
shortening, Sodium channel, Persistent inward current 
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Introduction 
Long QT-syndrome (LQTS) is a genetic disorder characterized by prolonged ventricular 
re polarization, predisposing to ventricular arrhythmias and sudden death. The 2 most 
common forms are LQTS type 1 (LQT1) and LQTS type 2 (LQT2), caused by mutations 
in KCNQ 1 and KCNH2, respectively. These genes encode the a-subunits of 2 potassium
channels which carry the slow and rapid component of the outward rectifying potassium 
current, I

Ks 
and I

K
r ,  respectively. Interestingly, although they are considered "primary 

electrical diseases", several studies have shown that subtle alterations in myocardial 
function may occur in patients with LQT1 and LQT2.1A LQTS type 3 (LQT3), the least 
common form of the 3 main forms of LQTS, is caused by mutations in SCN5a, the gene 
encoding for the a-subunit of the cardiac sodium-channel which carries the sodium 
current (I

N
J Mutations in SCN5a, however, are not only associated with LQT3, but have 

also been linked to other arrhythmias, such as Brugada syndrome, sick sinus syndrome, 
conduction disease and atrial fibrillation. In addition, evidence is accumulating that 
they can also be associated with cardiac fibrosis, dilatation and hypertrophy.5· 12 In the 
present study we extensively evaluated ventricular function, by using state of the art 
echocardiographic techniques including 2D speckle tracking echocardiography (STE), in 
a family with LQT3 due a mutation in SCN5a ("sodium channelopathy"). We speculated 
that by disrupting calcium-homeostasis the persistent inward sodium current might cause 
derangement of diastolic function. 
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Methods 
Study subjects 
The study group consisted of 12 adult patients (� 18 years), all members of a previously 
reported family with features of both LQT3 and Brugada syndrome, 13- 15 and all of them 
being carriers of the mutant gene (SCN5a- 1 795insD). The control group consisted of 
12 healthy subjects drawn from a large database of control subjects who had served as 
controls in a previous study. 16 All patients had received a pacemaker. 14 Based on data 
obtained after interrogation of the pacemaker, only carriers with < 10% of ventricular 
pacing were included in the study. Exclusion criteria were hypertension, significant 
valvular dysfunction, previous myocardial infarction and use of cardiovascular medication. 
The study conformed to principles defined in the Helsinki Declaration and informed 
consent was obtained. 

Echocard iography 

All echocardiographic studies were performed on a GE Vivid7 (General Electrics, 
Horten, Norway) by a single sonographer (YMH), using a 2.5 - 3.5 MHz probe for 
image acquisition. All echocardiographic measurements were performed during sinus 
rhythm. Standard parasternal and apical views were acquired and digitalized for offline 
evaluation on an EchoPAC station (General Electrics) .  Cardiac dimensions were 
measured and left ventricular (LV) ejection fraction, LV mass and left atrial volumes were 
calculated and indexed to body surface area. Pulsed wave Doppler recordings of mitral 
valve inflow were acquired to study "transmitral" diastolic LV function. Tricuspid annular 
plane systolic excursion (TAPSE) was measured through M-mode echocardiography. 
All echocardiographic measurements were performed according to standard 
recom mendations .17· 19 

20 Speckle tracking echocardiography software (EchoPac; General Electrics) was 
used for the assessment of longitudinal LV and RV tissue deformation, tissue velocity 
and time intervals. Proper care was taken to avoid apical foreshortening and sampling 
of the pericardium as described in the recent expert consensus statement on utilization 
of STE .20 The measurements consisted of myocardial longitudinal peak systolic strain, 
systolic tissue velocity ( s') and early diastolic tissue velocity ( e'), and time intervals. All 
measurements were performed offline by STE software in apical four- and two chamber 
views, at 61.3 ± 7 .8 frames per second. Twelve segments were analyzed of the LV 
myocardium ( septa[, lateral, anterior and inferior; at the basal, mid and apical level) 
(Figure1) and 3 segments of the RV myocardium (RV free wall; at the basal, mid and 
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apical level). For each measurement the mean 3 cardiac cycles was taken. For the LV as 
a whole the mean of the 12 individual segments was calculated and for the RV as a whole 
the mean of the 3 individual segments was calculated, resulting for both ventricles in a 
percentage of global longitudinal systolic strain (GLSS). Peak systolic strain and s' were 
measured as the maximum value independent of timing within the cardiac cycle. GLSS 
is expressed as percentage and s' and e' are expressed in cm/s. On the generated strain 
and velocity curves the following time intervals in the LV were measured: onset QRS to s' 
and onset QRS to peak systolic strain. Finally, the strain curves were used to evaluate the 
presence of post-systolic shortening. Post systolic shortening was considered present in 
case peak systolic strain occurred after aortic valve closure.21 For this purpose, aortic valve 
closure was visually marked in an apical 3 chamber view. 

Figure 1. 

Echocardiogram with 4-chamber apical view (left panel) and 2-chamber apical view (right panel). The LV 
myocardium is divided in 12 segments: 1 .  basal septum, 2. mid septum, 3. apical septum, 4. apical lateral, 5.mid 
lateral, 6. basal lateral, 7. basal inferior, 8. mid inferior, 9.apical inferior, 1 0. apical anterior, 1 1 . mid anterior, 12. 
basal anterior: 
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Statistical analysis 

All data are expressed as mean ± SD in case of a normal distribution, and as median with 
interquartile range in other cases. Comparison of groups was performed using Student's 
T-test and correlations were analyzed using Pearson's test. Two-tailed P values < 0.05 
were considered significant. The analyses were performed using SPSS (SPSS 18.0, SPSS 
Inc, Chicago, Ill). 

Resu lts 

Study subjects 

The patient group ("patients") consisted of 3 male and 9 female subjects, mean age 35.7  
± 7 .3 years. None of them had cardiac symptoms. The control group ("controls") consisted 
of 5 males and 7 females, mean age 35.3 ± 6.2 years. Mean heart rate and mean body 
surface area in the patients were 64 ± 1 1  beats/min and 1 .90 ± 0.24 m2, respectively. 
Mean heart rate and mean body surface area in the controls were 68 ± 1 1  beats/min and 
1 .95 ± 0. 15 m2, respectively. The differences between the 2 groups were not significant 
(p > 0.05), and the 2 groups were thus well-matched (Table 1). Mean QTc in the patients 
and the controls was 0.4 75 ± 0.050 and 0.397 ± 0.023, respectively (p<0.00 1). 

G eneral measurements 

Data on LV end-diastolic dimension, LV mass and left atrial volume are shown in Table 1 .  
There were no significant differences between the patients and the controls in any of these 
3 parameters. 

LV systolic function 

LV ejection fraction was comparable in the patients and the controls. There were also no 
significant differences in mean s' and GLSS (Table 1). 
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Table 1. Echocard10graphic measurements 

SCN5a mutation 
Controls 

carriers 
(n=12) 

p 

(n=12) 

LV enddiastolic dimension ( cmlm2) 2.46±0.23 2.46±0.24 0.993 
LV mass (glm2) 69. 1±1 6.6 7 1 .3±1 8.7  0.764 
LA volume ( m llm2) 26.5±6.9 30.5±8. 1 0.209 

LV systolic parameters 

LV ejection fraction (%) 0.60±0.06 0.56±0.05 0. 1 03 
Mean s' ( cmls) 4.75±0.67 4.73±0.82 0.959 
G LSS (%) 2 1 .59±2.81  2 1 .33±2.29 0.8 1 1  

LV diastolic parameters 

E-wave (mis) 0.82±0. 1 7  0.99±0. 15  0 .024 
A-wave (mis) 0.58±0. 1 1  0.59±0. 1 7  0.82 1 
E/A ratio 1 .46±0.33 1 . 74±0.37 0.067 
DT (ms) 225±30.6 1 97.8±35.74 0.057 
IVRT(ms) 9 1±15  85±10  0.285 
Mean e' ( cmls) -5.6±0.75 -6.7±0.98 0.006 

RV parameters 

TAPSE 25.3±5.2 22.0±4.2 0.096 
Mean RV e' (cmls) 5.4± 1 .22 7 .6±2.5 0.038 
Mean RV s' ( cmls) 6.8±1 .41  7 . 1±2.23 0.766 
RV GLSS (%) 3 1 .4±5.59 30.2±6 . 13  0.684 

Time intervals 

Onset QRS to peak systolic strain ( s) 0.39±0.04 0.39±0.03 0.989 
Onset QRS to s' ( s) 0.20±0.04 0. 1 5±0.05 0.007 

OT = deceleration time; lVRT = isovolumetric relaxation time; TAPSE = Tricuspid annular plane systolic excursion 

LV diastolic function 
E-wave velocity was significantly lower in the patients compared to the controls (0.82 
± 0.17 vs. 0.99 ± 0.15 mis, p = 0.024) and mean e' was also significantly lower in the 
patients compared to the controls (5.6 ± 0.75 vs. 6.7 ± 0.98 emfs, p= 0.006). The other 
diastolic parameters were not significantly different in the 2 groups (Table 1). 

RV function 

RV s' and RV GLSS, as measures of systolic RV function, were comparable in the 
patients and the controls (Table 1) .  However, RV e', as a measure of diastolic RV 
function, was significantly lower in the patients as compared to the controls (5.4 ± 1.22 
vs. 7.6 ± 2.5, p = 0.038). 
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Time intervals 
Onset QRS to peak systolic strain was comparable between the 2 groups, but onset QRS 
to maximum s' was significantly longer in the patients than in the controls (0.20 ± 0.04 
vs. 0. 15 ± 0.05 s, p = 0.007) (Table 1). For the evaluation of post systolic shortening 
strain curves of all 12 wall segments were considered separately and we determined the 
total number of segments showing post-systolic shortening. Two examples are shown in 
Figure 2. Patients showed a significantly higher number of segments with post-systolic 
shortening as compared to the controls; mean values were 6.58 ± 2.54 vs. 1 .83 ± 

1 .64, p < 0.00 1 .  Finally, the number of segments showing post-systolic shortening was 
significantly correlated with both E-wave velocity and e' (r = 0.46, p = 0.025 and r = 

0.43, p = 0.039 respectively). 

Figure 2. 

Speckle tracking derived strain curves of the segments 1 -6, in an apical four chamber view (left panel), and 
speckle tracking derived strain curves of the segments 7- 12, in an apical two chamber view (right panel), in 
a representative patient. Several segments show persistent shortening after aortic valve closure (A VC), i.e. 
post-systolic shortening: segment 1 (basal septum), 2 ( mid septum), 6 (basal lateral), 8 ( mid inferior) and 9 
(apical inferior). 

Discussion 
In the present study we investigated ventricular function in a family with an SCN5a
overlap phenotype of both LQT3 and Brugada syndrome. We found no abnormalities in 
the patients in terms of LV mass, LV dimension and LV systolic function. However, the 
patients showed significant post-systolic shortening as well as diastolic dysfunction of 
both ventricles. 
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To characterize myocardial function beyond routine echocardiographic techniques we 
applied STE software which allows direct assessment of the deformation of myocardial 
tissue ("strain") as intrinsic part of myocardial performance.20 LV systolic tissue velocity 
( s') and GLSS were not different between patients and controls. However, STE 
software also allowed us to assess the duration of contraction. Onset QRS to s' was thus 
significantly longer in the patients than in the controls. This is a novel finding in patients 
with LQT3, although it is not surprising given the fact that LQT3 (like LQTS in general) 
is obviously characterized by prolongation of the action potential and prolongation of 
contraction can thus be expected.22-24 A noteworthy finding is that we provide evidence 
for the presence of excessive post-systolic shortening in our LQT3 patients. To a certain 
extent persistent shortening of individual myocardial segments beyond aortic valve 
closure is a normal phenomenon21 , as also demonstrated by our controls (1.83 ± 1.64 of 
the 12 segments of the LV). However, in the patients the number of segments with post
systolic shortening was much higher (6.58 ± 2.54, p < 0.001). Post-systolic shortening 
has been documented before in other pathologic conditions, including ischemic or scarred 
myocardium.2 1  In addition, post-systolic shortening has also been shown by Haugaa et al. 
in patients with LQT1 and LQT23, and it thus appears that more extensive post-systolic 
shortening is a distinct feature of patients with LQTS. At present, it is unclear how to 
explain post-systolic shortening in LQTS, but it is probably related to inhomogenous 
prolongation of the action potential and hence contraction, some segments showing even 
more prolongation compared to other segments, even beyond closure of the aortic valve. 

In addition to systolic function, we also assessed diastolic LV function. Using transmitral 
inflow measurements, diastolic LV function was reduced in the patients with a lower 
value for E-wave velocity. This was supported by diastolic tissue velocity ( e'), which was 
significantly lower in the patients compared with the controls. Interestingly, a significant 
correlation was observed between the number of segments showing post-systolic 
shortening and diastolic function; the higher number of segments with post-systolic 
shortening, the more reduced diastolic function. This suggests that diastolic function was 
reduced at least in part secondary to systolic dysfunction, that is, post-systolic shortening 
impeding diastole by encroaching on diastole. Another explanation might be intrinsic 
diastolic dysfunction secondary to deranged calcium homeostasis. Indeed, we have shown 
previously in a mouse model that the SCN5a-1795insD mutation leads to intracellular 
calcium-overload secondary to increased intracellular [Na+] caused by the persistent 
inward sodium current.25 This possibility is supported by a study by Moss and coworkers 
in patients with LQT3 ( due to SCN5a-LiKPQ) on the effect ranolazine, which inhibits 
the late phase of the inward sodium current.26 In that study, which primarily focused on 
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the effect of ranolazine on repolarization, ranolazine improved diastolic left ventricular 
function, although baseline diastolic function was not clearly abnormal. 

As alluded to earlier, we speculate that the observed alterations of ventricular function are 
due changes in ion fluxes and concentrations (functional defects) and therefore reversible, 
but it cannot be excluded that structural defects also play a role. Indeed, subclinical fibrosis 
has been demonstrated in Brugada syndrome, in particular in the right ventricle.6 We 
did not find gross structural alterations ( e.g. LV mass) in our patients but this does not 
exclude to possibility of subclinical fibrosis, which, if present, might have contributed to the 
observed alterations in ventricular function, in particular diastolic function. 

Stu dy  l i m i tat i ons 

STE depends highly on image quality and in some instances it was difficult to reliably 
analyze all myocardial segments ( data not shown). This may have influenced the results. 
Furthermore, all patients carried a pacemaker for back-up anti-bradycardia pacing with 
a pacing lead in the RV.14 RV pacing may affect myocardial function, both in short term 
and the long term. However, since we selected patients with a very low percentage of 
paced beats ( < 10%) it is unlikely that this factor has played a role.27-28 

Conclus i ons 

In the present study we showed subtle biventricular dysfunction in a family with a 
phenotype of both LQT3 and Brugada syndrome due a mutation in SCN5a. In particular, 
both LV and RV diastolic function was reduced. These results support the notion that 
persistent sodium inward current leads to diastolic dysfunction. 
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The diagnosis of heart failure (HF) is based on symptoms and signs of heart failure, 
as well as evidence for a functional or structural abnormality of the heart. For patients 
with a reduced left ventricular ejection fraction (LVEF), the latter part of the diagnosis 
did not yield any problem. Assessment of LVEF could be easily performed with multiple 
techniques, including echocardiography. The diagnosis and treatment of diastolic heart 
failure ( or: heart failure with a preserved ejection fraction, HFPEF) has remained a much 
bigger challenge. 1 3 In 1998 the first criteria for diagnosis of diastolic heart failure (DHF) 
were presented.4 At that time DHF was believed to account for approximately one third of 
all patients with heart failure. DHF was defined as signs or symptoms of congestive heart 
failure, normal or mildly reduced LVEF � 45% and evidence of abnormal LV relaxation, 
filling, diastolic distensibility or diastolic stiffness. The latter part of the diagnosis was 
evaluated by dimensional, volumic or hemodynamic echocardiographic measurements 
indexed for BSA or invasive LV measurements. In 2007,  the European Society of 
Cardiology (ESC) published a consensus paper on how to diagnose diastolic heart 
failure.5 The basis of the diagnosis DHF remains more or less the same ( signs or symptoms 
of heart failure, normal or mild ly reduced LVEF > 50%) however the latter part was 
somewhat adjusted. At that time relatively novel tissue Doppler imaging was more routinely 
used and validated, and biomarkers, such as NT-proBNP, obtained a prominent place 
besides the calculation of E/e' in the recommended evaluation of DHF. Recent (2009) 
recommendations for echocardiographic evaluation of left ventricular diastolic function 
from the European Association of Echocardiography (EAE) and American Society of 
Echocardiography ( ASE) largely confirmed the European consensus document from 2007. 
However these recommendations focused on grading diastolic LV dysfunction rather than 
on the diagnosis DHF. This document gave a good summary of all available measurements 
and their strengths and weaknesses in the evaluation of diastolic function as presented in 
the guidelines and consensus document.6 Despite these documents, echocardiographic 
criteria to establish diastolic dysfunction are still topic of large discussion. In contrast 
to systolic dysfunction which can be evaluated through one measurement (LVEF) the 
diagnosis diastolic dysfunction requires multiple measurements which all only partially 
correlate with the diagnosis. Furthermore none of these measurements show 100% 
sensitivity and/or specificity, this always leaves an 'intermediate group' in which diastolic 
dysfunction can neither be acknowledged nor denied. 

In this issue of the journal, Shuai et al 7 present a strategy to establish diastolic dysfunction 
by echocardiography. In this study they evaluated several diastolic measurements 
proposed by the European Society of Cardiology and European and American Society of 
Echocardiography in a group of 236 subjects consisting of 48 healthy controls ( subjects 



lacking signs of renal/pulmonary abnormality and had no deviation in echocardiogram, 
chest X-ray or blood tests), 87 patients with a hypertension without HF( screened 
on history of hypertension and/or echocardiographic signs of LV hypertrophy and/or 
enlargement or LA enlargement, without signs of HF) and 101 patients with HFPEF 
( defined as having history of hypertension and typical signs/symptoms of HF and LVEF 
�50%). The authors evaluated several echocardiographic measurements of diastolic 
function and different cut-offs on sensitivity and specificity. In general, all measurements 
showed decent specificity but moderate to low sensitivity except for LAVI �28 ml/m which 
showed higher sensitivity than specificity. The authors concluded that a combination 
of E/ e' -lateral ratio � 12, left atrial volume index �34m 1/ m2 and Ar - A >30 ms has a 
sensitivity of 77% and a specificity of 81 % to diagnose HFPEF. Sensitivity and specificity 
were similar to the strategy proposed by Paulus et al ( sens 72%, spec 87%), albeit by a 
'simpler' approach. It is however remarkable that the strategy proposed by Nagueh et al 
shows only moderate sensitivity ( 4 7%) in this population. 

The current study confirms the findings of several other studies. Similar to previous studies, 
the authors showed that some measurements could not be obtained in a substantial 
number of patients. In particular, pulmonary vein flow was only achievable in 79% of 
patients, compared with almost 100% of tissue Doppler and mitral valve inflow parameters. 
This should be taken into account when applying these measurements in clinical practice. 
An important limitation of this study however is the lack of validation of echocardiographic 
abnormalities by the golden standard of invasive pressure volume measurements. Instead, 
the author evaluated diastolic function in patients with and without HF, but the diagnosis 
of HF should be based on diastolic function measurements as well. 

Several studies have shown that calculating E/e' gives a well validated estimation of LV 
end diastolic pressures, and with this estimation a reliable differentiation can be made 
in patients in whom an increased LVEDP (E/e' > 15) or a normal LVEDP (E/e' <8) 
is present. However in the intermediate group (E/e' 8-15) there is still the need for a 
method to either confirm or reject the presence of diastolic dysfunction. In the strategy 
proposed by Paulus et al this is the preferred measurements in the diagnosis HFPEF over 
all other echocardiographic measurements. In contrast, Nagueh et al starts off with the 
measurements of e' lateral ( < 10 cm/sec) and e' septal ( <8 cm/sec) and LAVI (�34 ml/ 
m2). If these requirements are met, diastolic dysfunction is present. Consequently if these 
requirements are not met, diastolic dysfunction is absent. 
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When evaluat ing echocard iograph ic strategies, one shou ld consider that all 
echocard iograph ic measu rements are always subjected to the nature of echocard iography 
wh ich rel ies heavi ly on  image and measu rement quality and second ly on the phys io logy 
of LV d iastol ic fu nction  wh ich is known to change gradually with age. Th is puts emphasis 
on the importance of the fi rst part of the evaluation of d i astol ic dysfu nct ion ( i .e .  signs/ 
symptoms of H F).8 Fu rthermore the prevalence of obesity and pulmonary d isease i n  
heart fai l u re pat ients is h igh ;  th is presents an add it ional poss ib le negative effect on any 
echocard iograph ic exam. ( i .e .  decreased image quality and prob lematic acqu is it ion of 
cu rves at end-exp i rat ion ) . I n  add it ion most echocard iograph ic measurements are vo lume 
dependent and we cou ld therefore specu late that d i asto l ic ( dys )fu nction fluctuates 
wh ich makes grad i ng d ifficu lt. Therefore the i nterpretat ion of echocard iograph ic d iasto l ic 
measu rements sho u ld always be based on  a good balance between pred ictive value, 
sensit ivity and feas ib i l ity rather than a short est imate of d iasto l ic ( dys )fu nction .  I n  the 
evaluation of echocard iograph ic d iastol ic left ventricu lar funct ion ,  it wi l l  be i nevitable to 
acqu i re mu lt ip le echocard iograph ic  variab les. Cu rrently, e ither e' o r  E/e' are cons idered 
to be the fi rst paramaters to establ ish ,  and to provide a fi rst i nd icat ion of the presence 
of d iastol ic dysfu nction  and/or elevated left ventricu lar fi l l ing pressu res. Add it ional 
measurements, such as left atrial vo lume i ndex, m itral valve in flow parameters, and 
pu lmonary flow measu rements, shou ld then provide add itive i nformation on the severity of 
left ventricu lar d iasto l ic dysfu nction .  Another opt ion cou ld be to create a scori ng system, 
s im i lar to the scori ng method we know as the 'Dukes criteria' for i nfective endocard itis, 
d iv id i ng the best pred ictive echocard iograph ic measu rement for LV d iasto lic dysfunct ion 
i n  major and m i nor  criteria. 

In conclus ion, the d i agnosis of HFPEF sho u ld i nclude  evidence of d iastol ic dysfunct ion .  
The presence of d iastol ic dysfu nct ion shou ld be based o n  both major  criteria, such as e ' ,  
E/e ' ,  and LAVI ,  and m i nor  criteria. Futu re stud ies shou ld be focused on find ing evaluation 
strategies with h igher sensit ivity en specificity i n  the d iagnosis d iasto lic dysfu nction .  
A p romis i ng deve lopment is 2d speckle track ing and the val idat ion of d iasto l ic strai n 
rate and rotat ional and twist measu rements i n  the evaluat ion of d iasto l ic left ventricu lar 
fu nct ion .  These methods shou ld however fi rst be thoroughly val idated before they can be 
i ncorporated in a c l in ical setti ng. 
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Abstract 
A decreased exercise capacity is the main symptom in patients with heart failure (H F). We 
assessed the association between non-invasively determined maximal cardiac output at 
exercise, systolic and diastolic cardiac function at rest, and peak oxygen uptake (pVO2) 
exercise capacity in CH F patients. We studied 102 patients aged 62 ± 11 years with 
New York Heart Association (NYHA) class II- IV stable HF and a left ventricular (LV) 
ejection fraction (EF) <45%. All patients underwent  echocardiography and a treadmill 
cardiopulmonary exercise test (CPET) for the evaluation of the pVO2 corrected for the 
fat free mass (FFM). During the CPET, cardiac output was estimated non-invasively and 
continuously usi ng Nexfin HD. FFM-corrected pVO2 was associated in an univariate 
l inear regression analysis with peak exercise cardiac index (Cl) (B =0.511, p<0.001 ), 
LV end diastolic pressure estimates (E/e') (B =-0.363, p=0.001) and right ventricular 
(RV) function (TAPSE) (B = 0.393, p<0.001). In a multivariate analysis peak exercise 
Cl (B =0.380, p=0.001 ), but not resting cardiac output nor LVEF, was an independent 
predictor of pVO2. Other independent predictors of pVO2 were E/e' (B =-0.276, 
p=0.009) and TAPSE (B =0.392, p<0.001 ), also when adjusted for age and gender. In 
conclusion, peak Cl is an independent predictor of FFM-corrected pVO2 in patients with 
systolic HF. Of all rest echocardiographic parameters, right ventricular function and E/e' 
were independently and sign ificantly associated with pVO2, while rest LVEF was not. 

Keywords 
Heart failure, functional capacity, cardiopulmonary, cardiac output, right ventricular function 
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Introduction 
The cardiac mechanisms responsible for limited exercise capacity in heart failure (HF) 
patients are not well understood, possibly because most hemodynamic functional 
variables are measured at rest. Prior studies have suggested that left ventricular (LV) 
ejection fraction (EF) at rest is a relatively poor predictor of maximal exercise capacity1 ·2. 

In contrast, echocardiographic LV filling pressures, LV diastolic function and left atrial 
function have been shown to weakly correlate with the functional status3·4. At present, 
the association between noninvasively measured cardiac output (CO) and peak oxygen 
uptake (pVO2) during exercise has not been studied in HF patients. Pulmonary artery 
catheter measurements using thermodilution are considered as the golden standard of 
measuring CO. They are invasive and carry a degree of risk. Recently, several methods to 
non-invasively determine CO have become available. The Nexfin HD, a newly developed 
monitoring device that measures hemodynamics including CO both non-invasively and 
continuously, has recently been validated in cardiac surgery and HF patients comparing 
to noninvasive echocardiographic and invasive thermodilution 5.5 .1.s.9_ In this study we 
evaluated the association between non-invasively measured Nexfin CO and cardiac index 
(Cl)  during exercise and systolic and diastolic echocardiographic function measurements, 
and exercise capacity in HF patients. 
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Methods 
The study population consisted of 102 consecutive patients that were included in the 
BENEFICIAL trial 10· 1 1 . BEN EFICIAL was a prospective, randomized, double-blind, 
placebo-controlled, phase II study evaluating the efficacy and safety of Alagebrium ( ALT-
711, an Advanced Glycation End-product-crosslink breaker) in patients with systolic HF. 
The rationale and complete design of the BENEFICIAL trial has been previously published 
by Willemsen et al 10 . All patients had NYHA II- IV stable HF for at least 3 months and a 
LVEF � 45%. The study was approved by the Medical Ethical Committee of the University 
Medical Center in Groningen and all patients gave written informed consent. EudraCT
number of this study is 2007-000319-27 . 

A treadmill cardiopulmonary exercise test (CPET) was performed in all patients using 
the Modified Bruce protocol. The first stage was performed at 1. 7 mph and 0% grade, 
the second stage at 1 .7 mph and 5% grade, and the third stage corresponds to the first 
stage of the Bruce protocol. Each stage lasted approximately 3 minutes. Each exercise 
test started with an acclimatization period of 2 minutes standing on the treadmill. A 
standard 12-lead electrocardiogram was recorded continuously during the exercise test. 
Intermittent blood pressure was recorded at regular intervals of approximately 2 minutes 
using a manual upper arm cuff sphygmomanometer. Subjects wore a tightly fitting face 
mask to which was connected a capnograph and a sample tube enabling on line ventilation 
and metabolic gas exchange measurements. Oxygen uptake (VO2), carbon dioxide 
production (VCO2), and minute ventilation (VE) were measured by breath-by-breath 
gas analysis. The VE/VCO2 slope was calculated by a technician performing the test 
through linear regression by analyzing breath-by-breath values obtained throughout the 
full test from all data points 12. The respiratory exchange ratio (RER) was computed as 
VCO2/VO2 and a RER value of �1.0 was taken to indicate maximal effort. The pVO2 was 
calculated as the average VO2 for the 2 highest measurements at peak exercise, it was 
corrected for the fat free mass (FFM) and expressed as ml/min/Kgffm. The reasons for 
terminating the treadmill CPET were subject fatigue or exercise limiting breathlessness. 
However, patients were actively encouraged to achieve a RER of > 1 .0 if possible. 
During the CPET, CO and Cl were measured beat-to-beat using the Nexfin HD (BMEYE 
B.V, Amsterdam, Netherlands). A finger cuff of appropriate size was wrapped around 
the middle phalanx of the middle, index or ring finger of the right hand and the HRS 
hydrostatic height correction system was positioned at heart level. Both hands were used 
by the patients to maintain a stable position on the treadmill. Cl was determined by Nexfin 
for each heart beat by dividing CO by body surface area (BSA). The CO and Cl at rest were 
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computed by averaging over the last minute before the start of the exercise protocol. Peak 
Cl and CO were calculated as the average Cl and CO for the last 30 seconds of exercise, 
similar to the pVO2 calculations. 

Two-dimensional echocardiography was performed on the same day as the exercise 
testing protocol in all 102 patients by a single experienced sonographer (YMH) using 
a General Electric VIVID 7 system with a 2.5-3.5-mHz probe. All measurements were 
performed according to the European Society of Echocardiography guidelines 13. Systolic 
dysfunction was determined by Simpson's LVEF, where possible, and defined as a LVEF 
�45%. To assess the LV diastolic filling dynamics pulsed-wave Doppler was performed on 
mitral inflow in the apical 4-chamber view. Peak early diastolic (E) and late diastolic (A) 
filling velocities, isovolumetric relaxation time (IVRT) and deceleration time of the early 
diastolic velocity (OT) were obtained. Tissue Doppler imaging (TOI) is used to derive 
early and late diastolic tissue velocities ( e' and a') and systolic tissue velocities ( s') on the 
4 basal mitral annular sites (lateral, septa!, anterior and inferior), mean tissue velocities 
were calculated from septa[ and lateral annular velocities, in addition the mean values 
for the four annular sites was calculated. Estimation of LV filling pressure was done by 
dividing E by e' ( mean of septa[ and lateral) (E/e'). Right ventricular (RV) function was 
assessed by the tricuspid annular plane systolic excursion (TAPSE). 

A Kolmogorov-Smirnov test was used to verify the normality of distribution of continuous 
variables. Continuous variables were expressed as mean ± standard deviation (SD) when 
normally distributed, as median (inter-quartile range) when distribution was skewed. 
Categorical parameters were expressed as frequencies and percentages. Differences in 
characteristics between patient groups were analyzed using a t-test, when the parameter 
was normally distributed or a Mann-Whitney U-test when normality was not met. The Chi
Square test was used for comparison of categorized variables. To determine the association 
between variables and exercise capacity a univariate linear regression analysis was 
performed. In multivariate analysis, we evaluated the independent predictors of pVO2. We 
constructed a model using peak Cl, introducing different echocardiographic parameters of 
diastolic LV function. Interaction analysis was conducted between multivariate associated 
variables and the association with pVO2. Finally, to visualize the independent effect of 
Cl and diastolic function (E/e') on pVO2, we categorized Cl ( above/below mean) and 
El e' ( above/below median) and assessed the difference between groups of different 
combination of high and low Cl and E/e'. All models were adjusted for age and gender. A 
two sided p-value less than 0.05 was considered statistically significant. All the analyses 
were performed using SPSS 16.0.2 (SPSS Inc., Chicago, IL, USA). 
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Results 
Demographic and clinical characteristics of the study population are shown in table 1 .  
A total of 102 patients were included in this analysis, 80 men and 22 women, with a 
mean age of 62 ± 1 1  years. The results of the echocardiography and exercise test at rest 
are shown in Table 1 .  

Table 1 .  Patient demographic and clinical characteristics and measurement results 

Variable All patients ( n=102) 

Age (years) 60 ± 11 

Men 80 (78%) 

Etiology of Heart Failure 
lschaemic 70 (69%) 
Non-1schaemic 32 (31%) 

Hypertension (by history) 32 (31%) 

Diabetes Mellitus 17 (17%) 

New York Heart Association functional class 
I I  66 (65%) 
I l l  33 (32%) 
IV 3 (3%) 

Systolic blood pressure ( mm Hg) 114.9 ± 15.2 

Diastolic blood pressure ( mm Hg) 72.1 ± 9.2 

Heart Rate (bpm) 69.5 ± 14.3 

Body Mass Index (Kg/m2) 27.8 ± 4.1 

S-Creatinine (umol/L) 86.5 (78.0-101.3) 

N-terminal-pro-Brain Natriuretic Peptides ( ng/l) 403 (154-851) 

Medication use 

Ang1otensin-Converting Enzyme inhibitors 79 (78%) 

Angiotensin Receptor Blocker 19 (19%) 

Beta-blockers 95 (93%) 

D1uret1cs 56 (55%) 

Aldosteron Antagonists 29 (28%) 

Echocardiography at rest 

Left Ventricular Ejection Fraction (%) 32 ± 10 

Mean systolic tissue velocity ( cm/s) 4.21 ± 1.32 

Early/late diastolic mitral valve inflow ratio 0.89 (0.69-1.17) 

Mean early diastolic tissue velocity ( cm/s) 5.16 ± 1.90 

Mean late d iastolic tissue velocity ( cm/s) 5.40 ± 1.96 
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Early d iastolic m 1tral valve in flow/early d iastolic tissue velocity ratio 1 2.7  ( 10.0- 1 8.3) 

Tricuspid Annu lar Plane Systol ic Excurs ion (mm) 24 ± 5  

Cardiac Output during exercise 

Basel ine Cardiac Output (I/min) 4.8 ± 1 .3 

Peak Card iac Output (I/min) 1 0.7 ± 3.3 

Baseline  Cardiac I ndex (l/min/m2) 1 .9 ± 1 . 1  

Peak Cardiac Index (l/m in/m2) 5.3 ± 1 .5 

Peak V02 during exercise 

Basel ine pVO2 (ml/min) 355 ± 8 1 

Peak pVO2 (ml/min) 1 870 ± 606 

Peak pVO2 corrected for body weight ( m l/min/Kg) 2 1 .7 ± 5 .9 

Percentage of pred icted pVO2 84 ± 24 

Peak pVO2 corrected for FFM ( m l/min/Kgffm) 32. 1 ± 8.4 

Non-invasive CO and Cl at maximal exercise was available in only 65 patients, mainly due 
to severe artifacts in 38 recordings caused by using the hand with the Nexfin finger cuff on 
it to maintain stability during the exercise protocol by gripping the handle bar. 
The results of the linear regression analysis on prediction outcome of pVO2 ( corrected 
for FFM) are shown in table 2. In univariate analysis, higher age, as well as urea and 
creatinine were significantly associated with lower pVO2. Of all echocardiographic 
measurements of systolic LV function, LVEF and mean s' showed a significant association 
with pVO2. Of all measurements of diastolic function, E/e' had the strongest association 
with pVO2 (figure 1). Furthermore, as a marker of right ventricular function, higher 
TAPSE was significantly associated with higher pVO2 (figure 2). Both peak exercise CO 
and peak exercise Cl were significantly associated with pVO2 (figure 3). Using pVO2 
corrected for body weight instead of FFM produced similar results. 

Table 2. Linear regression analysis on prediction outcome of Fat Free Mass-corrected peak Oxygen uptake 

Variable 

Age (years) 

Men 

I Univariate linear regression 

I B ( standardized) I P value 

----· -· -- ------- - - ;- - -0.389 < 0.00 1 

D iastolic b lood pressure ( mm Hg) 

H eart Rate (bpm) 
-- --- - ---I- -

0.087 

0. 1 82 

-0.028 

0.385 

0.069 

0.78 1 

0 .347 
-- --· ----i--

Diabetes Mell 1tus -0.095 
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H emoglobin (mmol/L) I 0 .109 0.279 

S-Urea ( mmol/L) 
! 

-0.2 1 7  I 0.030 I 
Log Creatinine I -0.268 i 0.007 

Log N-terminal-pro-Brain Natriuretic Peptides (ng/l) -0.5 1 1  I < 0.00 1 
I I 

Left ventricular ejection fraction (%) 
l 

0.334 0.00 1 I 
Mean systolic tissue velocity ( cm/s) I 0.278 0.006 

Early diastolic mitral valve inflow velocity (mis) 
I 

-0. 139 0. 1 7 1  
I 

Log early/late diastolic m1tral valve inflow ratio I -0. 1 36 0.205 

Mean early d iastolic tissue velocity ( cm/s) (total) 0.233 0.020 

Mean early d1astol1c tissue velocity ( septal/lateral) 0.260 0.009 

Mean late diastolic tissue velocity ( cm/s) I 0.254 0.0 15  ! 

Early diastolic mitral valve inflow/early diastolic tissue velocity ratio I -0.363 0.00 1 

Tri cuspid Annular Plane Systolic Excursion (mm) ! 0.393 < 0.00 1 
I 

Rest Cardiac Index (l/min/m2) i 0.300 0.002 

Peak Cardiac Index (l/min/m2) I 0.5 1 1  I < 0.00 1 

In m u ltivariate analysis, peak exercise Cl (B =0.380, p=0.001  ) , E/e' (B =-0.267, 
p=0.009) and TAPSE (B = 0 .392, p<0.00 1) were i ndependently associated with 
pVO2, adj usted for age and gender. The adj usted r-squared for th is model was 0.45 
(tab le 2) . The i ndependent pred ictive value  was si m i lar when us ing pVO2 corrected for 
body weight, for peak Cl (B=0.3 1 9, p=0.0 1 1  ) , E/e' (B=-0.349, p=0.002) and TAPSE 
(B=0.364, p=0.00 1) . Figu re 4 shows the i ndependent relat ionsh ip  between peak Cl and 
E/e ' and pVO2 when both variables are categorized. There is a sign ificant trend towards 
lower pVO2 with the com bi nat ion of h igher E/e' and lower peak Cl (P = 0.004). 

Discuss ion 
In o u r  study popu lat ion of pat ients with systol ic H F, non- i nvasively determi ned peak 
Cl was the strongest pred ictor of pVO2 du ring the exercise protoco l. In add it ion,  of the 
echocard iographic measu res at rest, RV-funct ion (TAPSE) and LV fi ll ing pressu res 
(E/e') were also i ndependent pred ictors of pVO2. I n  th is se lected group  of patients, LVE F  
was associated with pVO2 i n  u n ivariate analys is, b u t  d i d  not mai ntai n a n  i ndependent 
s ignificance i n  m u ltivariate analysis. Th is confirms pr ior stud ies that have suggested that 
LVEF at rest is a relatively poor pred ictor of maxi mal exercise capacity 1 .2 _ 
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The mean FFM-corrected pVO2 of the population in the present study was 32.1 ml/min/ 
Kgffm, which is higher than expected in a population of patients with systolic H F. This is 
probably due to the need of selecting H F  patients which are in a relatively stable clinical 
situation and able to perform a satisfactory CPET Peak VO2 in these patients is relatively 
easy to evaluate and generally assumed to increase parallel to CO during exercise. For this 
reason the pVO2 has historically been considered a surrogate for maximal CO. However, 
pVO2 only provides information on the pulmonary side - the oxygen uptake - and does 
not quantify the pump function reserve of the heart to efficiently transform this u ptaken 
oxygen into adequate CO. The pVO2 reached in the exercise protocol is also influenced 
by several "peripheral" factors such as patient motivation, peripheral muscle condition,  
obesity and is dependent on age, and gender 14. Several investigators over the last decade 
have reported a dissociation between pVO2 and the degree of cardiac dysfunction 
in patients with H F  1 5· 1 6 , which has the potential to lead to inappropriate therapeutic 
decisions. Thus, the addition of hemodynamic measurements, more specifically a precise 
estimation of CO responses during exercise, in combination with CPET parameters, could 
be advantageous 17. The direct measurement of CO by thermodilution is considered as the 
"golden standard", however, it only provides intermittent values, is invasive and carries 
an added degree of risk. As a result, several methods to acquire CO noninvasively have 
been proposed in the past years 1 8· 1 9 . In the present study we used a newly developed CO 
monitoring device called Nexfin HD. The Nexfin system measures CO both non-invasively 
and continuously and it is easy to use in clinical settings, especially during a CPET The 
accuracy and precision of the Nexfin CO measurements have recently been validated 
in cardiac surgery and H F  patients comparing to noninvasive echocardiographic 5 and 
invasive thermodilution 7·8 ·9 as reference methods. 

The results of our study showed a moderately good linear correlation between exercise 
peak VO2 and peak Cl ,  this association is also described in previous studies using 
invasive measures of CO 20. A certain scatter in this relationship is expected, since 
pVO2 - providing the pulmonary characterization - and peak Cl - providing the cardiac 
characterization - are not exchangeable but complementary in the overall measurement 
of cardiopulmonary reserve. This suggests that the use of CO and Cl by Nexfin HD could 
have an important application in the evaluation of H F  patients with systolic dysfunction 
and it could be used as a guide for their management. However, this clinical application 
remains to be established by further and larger studies. 

Concerning rest E/e' ratio, previous studies demonstrated its correlation with pulmonary 
capillary wedge pressure (PCWP) and LV end diastolic pressure in H F  patients 2 1 ·22 . The 
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correlation seems to be robust even during sinus tachycardia and acute manipulations 
in preload 22. In agreement with the data of Smart et al. our study confirms the strong 
negative correlation between E/e' and pVO2 3. This suggests that in systolic HF, raised 
filling pressures and PCWP contribute to exercise intolerance. The pathophysiological 
explanation of this phenomenon is likely multifactorial. First, abnormalities of diastolic 
function such as the increase in LV filling pressure limit the diastolic LV filling and 
consequently reduce stroke volume response to exercise. The inability to augment stroke 
volume by means of the Frank-Starling mechanism, results in severe exercise intolerance. 
Furthermore, an elevation in PCWP leads to ventilation-perfusion abnormalities, 
consequently negatively impacting the gas-exchange response during exercise, and 
accentuate the sensation of exertional dyspnea 23. 

In our current study TAPSE at rest was the strongest echocardiographic variable that 
is related to pVO2 during exercise. TAPSE is easily assessed, but conflicting data exist 
about the relationship between RV function and exercise capacity 24·28. There are only 
few studies providing evidence on the role of RV function as an independent predictor of 
functional capacity in HF patients. Our results showed a more severely impaired functional 
capacity in patients with a worse RV function. These findings confirm previous data 
showing a correlation between impaired RV function and reduced exercise capacity in 
patients with HF and LV systolic dysfunction 25·29,30. 

To our knowledge, no previous studies have assessed, concomitantly, the relationship 
between exercise CO, LV filling pressure/PCWP, RV function and exercise capacity in 
HF patients with systolic dysfunction. RV dysfunction can be, at least partially, secondary 
to LV dysfunction, since the increase in pulmonary wedge pressure raises RV afterload, 
leading to a decreased RV performance, RV output, total pulmonary blood flow, and LV 
output, resulting in inadequate oxygen delivery to the periphery. It is, however, important 
to stress that TAPSE had an independent relation with pVO2 thus showing that it is 
additive to measurements of LV diastolic function, such as the E/E' ratio. 
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Abstract 
Left ventricu lar ejection fract ion (LVEF) is the most com monly used measu re for LV 
fu nct ion. However, su btle changes i n  LV structure and systo lic fu nct ion may already be 
present despite a preserved LVEF. Acknowledgement of these su btle signs may allow 
early treatment and prevention of heart fai l u re. Nove l echocard iographic measurements 
such as deformat ion imaging may be used to reveal these subtle abnormalities. However, 
th is techn ique  sti ll has several major lim itat ions. Th is does not leave cl in ic ians empty
handed, as d iasto l ic left ventricu lar dysfu nction often precedes a red uced left ventricu lar 
ejection fract ion .  Hypertension is perhaps the most com mon example. In system ic 
d isease such as Amylo idosis or Fabry's, LVEF is often normal d u ring early stages of 
the cond it ion ,  wh i le d iasto lic dysfunction  is often already present. Th is is caused by 
structural and fu nct ional changes to the myocard i um  resu lt ing from the infi ltrative 
character of these d iseases. S im i lar changes are also seen in certa in genetic cond it ions 
( i .e .  Long QT Synd rome (LQT) and hypertroph ic card iomyopathy (HCM)). All of these 
cond it ions are characterized by the i r  d i rect i nfluence on the myocard i um  and resu lt i n  
abnormal d iastol ic fu nction i n  the presence of a normal LVEF. Lastly, treatment- i nduced 
( i .e .  card iotoxic treatment and rad iotherapy) card iac d isease is known to be caused 
by myocard ial changes that resu lt in LV d iasto lic dysfu nct ion .  Evaluation of d iastol ic 
left ventricu lar fu nction is relatively com plex due to the i n fluence of age and techn ical 
issues. Nevertheless, th is measurement does have several advantages compared to other 
measures of LV funct ion .  I n  this review we advocate rout i ne echocard iograph ic  evaluat ion 
of left ventricu lar d iasto lic funct ion to detect early left ventricu lar damage. 
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Introduction 
Patients at risk for cardiac damage due to treatment effects of chemotherapy or 
radiotherapy, certain genetic disorders or systemic diseases are often referred to a 
cardiologist to determine whether early damage is already present. In addition to reduced 
left ventricular ejection fraction (LVEF), early signs of cardiac damage in the absence of 
reduced LVEF have also been associated with poor outcomes, including incident heart 
failure 1 ·3. Detection of such subtle abnormalities may allow earlier initiation of RAAS and 
beta blocker therapy aimed at preventing the development of heart failure 2. In this review 
we intend to provide an overview of techniques available for evaluating the full spectrum 
of early cardiac dysfunction in at-risk patients with preserved LVEF. 

Left ventricular ejection fraction: a crude tool for systolic function 
When asked to assess cardiac function, most cardiologists tend to focus on left 
ventricular ejection fraction. The biplane method of discs ( modified Simpson's rule) is the 
preferred echocardiographic method for determining LVEF 3, although interobserver and 
intraobserver variability is shown to be even lower in other methods. 3d echocardiography 
for example, has shown even better results 4· 5. Thus 2d biplane method is not without 
technical limitations; LVEF measured using this method is heavily dependent on the 
ability to accurately detect the endocardium and thus image quality, which can vary 
greatly. Volumes are calculated from 2 planes (biplane) assuming spherical sections, and 
as a result, diseased myocardial regions can easily be overlooked. Therefore, a preserved 
LVEF does not necessarily imply a healthy myocardium. For 3d volume calculation, some 
of these limitations are overcome, however this technique still remains dependent on 

. image quality and even more importantly the technique is violable to artifacts due to the 
need of multiple cardiac cycles. 

Many diseases ( and their treatments) are accompanied by subtle cardiac damage. In 
these hearts no obvious decrease in LVEF is observable. In systemic diseases with cardiac 
involvement, such as amyloidosis and Fabry's disease, LVEF is preserved in early stages 
of the disease 6·9. The same may be seen in patients suffering from long QT syndrome 
(LQTS) (10) and other genetic conditions like hypertrophic cardiomyopathy (HCM)11. 
These conditions are characterized by the direct effects of the disease on the myocardium. 
External, treatment-induced effects may also affect myocardial function without resulting 
in reduction of ejection fraction. This has been observed in cancer survivors treated with 
cardiotoxic agents and radiotherapy 1· 12· 14. An even more commonly known example is 
hypertension, in which the LVEF is in most cases preserved in the early stages 15 17 . 
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Determination of LVEF is a poor method for detecting early cardiac damage in these 
groups. The detection of early cardiac damage therefore warrants a more subtle approach. 
Fortunately, several advanced echocardiographic techniques developed in recent years 
are available to clinicians. 

Tissue deformation imaging: A novel, more sensitive tool for subtle systolic cardiac 

dysfunction 

Tissue deformation imaging is based on 2d speckle tracking, an advanced off-line evaluation 
method. It identifies 2d grayscale speckles and evaluates their movement throughout a heart 
cycle, allowing several myocardial deformation indices to be derived, of which systolic strain 
( expressed as a percentage) is most commonly used in publications. Myocardial deformation 
(strain) assessment still has several limitations, including the need for high quality images, 
as 2d speckle tracking relies heavily on image quality to ensure adequate myocardial border 
detection. Additionally, image quality itself relies on machine settings, transducer frequency, 
frame rate, and technician skills, as well as patient habitus and factors including pulmonary 
disease and heart rhythm, this limits the applicability of the technique. Nevertheless, when 
feasible, the technique has demonstrated good prognostic performance for detection of 
early cardiac damage in a number of patient populations 1 1· 14· 18· 19. In patients suffering from 
systemic diseases, such as amyloidosis and Fabry's disease, several studies provide evidence 
that strain measurements can predict mortality and incident heart failure and have additive 
value for determining cardiac involvement in amyloidosis, even when ejection fraction is 
preserved 1 8. 

In patients diagnosed with LQT syndrome, which is primarily considered an electrical 
disease, strain assessment allowed subtle cardiac damage to be measured 10· 20 . In 
absence of a decrease in LVEF, systolic strain measurements in this specific group 
were significantly lower compared to controls. The same results were observed in HCM 
patients 1 1 . Furthermore, strain measurements revealed mechanical dispersion in both 
groups, which may be considered a myocardial disease when accompanied by decreased 
systolic strain 21 . 

Lastly, strain measurements are reliable tools for identifying subtle contractile dysfunction 
in patients at risk for cardiac damage due to cardiotoxic effects of treatments such as 
chemotherapy. In this group of patients, the damage generally does not result in a reduced 
LVEF. Several studies have demonstrated the additive value of strain measurements in 
patients treated with cardiotoxic agents 14· 22 . Patients only receiving radiotherapy also 
appear to demonstrate this subtle decrease in systolic cardiac function as measured using 
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strain 14. Furthermore, in the myocardial examination of the pressure overloaded heart 
(i.e. hypertension) strain measurements also prove to have proper discriminatory abilities 
between a normal and subtle disturbed myocardial function 1 1 . However, deformation 
measurements are not widely available and results should be interpreted with caution, 
given the technical limitations and the resulting risk of misinterpretation. 

Diastolic LV function and evaluation of subtle cardiac damage 
A more widely accepted and validated method for evaluation of subtle cardiac dysfunction 
with preserved systolic function is assessment of left ventricular diastolic function. In 
contrast with methods for measuring left ventricular systolic function, echocardiography 
remains the preferred modality for establishing diastolic ( dys )function. In addition to 
echocardiographic measures of remodeling (LV mass index, left atrial volume index), 
several echocardiographic measurements are available for the evaluation of diastolic left 
ventricular function 2· 

23
. These can be divided into three categories: blood flow Doppler 

measurements, tissue Doppler velocity measurements and calculated parameters. 

Deceleration time (OT) and isovolumetric relaxation time (ivrt) can be derived from a 
Doppler blood flow velocity curve of early and late diastolic mitral valve inflow (MV-E and 
MV-A ). All of these measurements are highly dependent on left ventricular relaxation, 
filling pressures, compliance and most importantly, volume status, heart rhythm and 
age. The multitude of determining factors implies that cut-off values with a narrow range 
cannot be defined, making these measurements relatively non-specific 23. 

Early diastolic myocardial velocity ( e') is the most commonly used tissue Doppler 
measurement for evaluating diastolic left ventricular function. Tissue velocity curves can 
be acquired in most patients (>95%), including those with moderate echocardiographic 
window quality. A significant association has been found between e' and LV relaxation. In 
contrast to MV-E, e' is relatively independent of preload in patients with left ventricular 
relaxation dysfunction 24

. The prognostic value of e' is becoming increasingly well 
established in various at-risk patient populations without obvious heart disease 9· 25· 26. 

Increased ventricular stiffness is common in patients with systemic diseases such as 
amyloidosis and Fabry's disease 6 · 7 . Both conditions are characterized by infiltration of the 
myocardium, changing its appearance and function. In patients with LQTS, a decrease in 
e' was observed compared to healthy controls, although the underlying pathophysiology 
remains uncertain 10. A decrease in e' with preserved LVEF has also been observed in 
patients at risk of cardiovascular complications due to treatment ( chemotherapy and 
radiotherapy), hypertension and HCM 1· 1 1 · 13, 27 . 
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Lastly, several secondary parameters can be derived from blood flow and tissue 
measurements. The most commonly used is MV-E divided by e' (E/e')23 · 28 . Several 
studies have assessed the E/ e' ratio, showing a strong correlation between E/e' and 
left ventricular ( end) diastolic pressure/pulmonary capillary wedge pressure 29 3 1 . 

Cut-off values for E/e' are still a topic of discussion; what remains unclear is whether 
this derived measure has any additive value in patients with non-end stage diastolic 
dysfunction, which is generally not accompanied by a pathological increase in left 
ventricular diastolic pressures. 

Myocardial remodeling: ejection fraction preservation versus diastolic deterioration 
Diastolic deterioration has been shown to precede the development of heart failure 
with a reduced ejection fraction in a number of at-risk populations, including patients 
with certain systemic or genetic conditions and those treated with cardiotoxic agents 
and radiotherapy. This disease progression may possibly be explained by myocardial 
remodeling. Remodeling is a direct response to myocardial stress, through which the 
myocardium attempts to reduce wall stress to 'normal'. Remodeling has been described in 
several cardiac components, including muscular and vascular smooth muscle cells and the 
extracellular matrix. The primary processes involved are myocyte hypertrophy and changes 
in extracellular matrix properties resulting from collagen fibril alterations and modified 
cross-linking 17· 32

-
35. Changes in myocytes and extracellular matrix should compensate 

for an imbalance between cardiac mass and cardiac volume, returning wall stress to 
normal levels. However, myocardial remodeling comes at a cost - increased left ventricular 
stiffness. It is thought that ventricular remodeling negatively affects diastolic function 1 5· 17· 36 

while contributing to preservation of 'normal' systolic function and morphology 15· 1 7 . For 
example, left ventricular hypertrophy involves structural changes in muscular fibers, fibrosis 
and accumulation of extracellular matrix 37. These changes lead to an increase in LV mass 
index and wall thickness, resulting in mechanical stiffness and diastolic LV dysfunction, 
with lower myocardial relaxation velocities and an increase in LV diastolic pressure, 
while preserving LVEF 32· 36. At later stages, diastolic dysfunction can progress to systolic 
dysfunction 1 7 . A similar process is known to occur in amyloidosis, hypertension, genetic 
conditions, as well as after treatment with cardiotoxic agents or radiation, in which diastolic 
dysfunction often occurs prior to systolic LV dysfunction 1 2· 16 ,  19, 27, 38 
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Discussion 
When evaluating patients for signs of early cardiac damage, one should keep in mind that 
a normal left ventricular ejection fraction does not necessarily imply a healthy myocardium. 
A number of diseases are characterized by subtle myocardial dysfunction that LVEF 
assessment alone is not sensitive enough to detect. While LV deformation assessment 
may become a valuable tool for diagnosing such cases in the future, the technique 
presently requires further validation before widespread use is advisable. A balanced set of 
physiologic (LVMI, LA volume, E/e') and functional ( e') diastolic measurements should be 
part of the clinical evaluation of subtle cardiac damage independently of LVEF, taking the 
natural effects of ageing into account 39. Tissue early diastolic velocity appears to be less 
dependent on external factors as compared to LVEF or strain (Table 1 ), and could therefore 
be considered the preferred method for unveiling subtle cardiac damage. Therefore, 
evaluation of LV diastolic function with an emphasis on tissue e' should be part of any 
routine echocardiographic examination, especially in individuals at risk of subtle cardiac 
damage, such as patients with systemic diseases with the potential for cardiac involvement, 
patients with hereditary cardiomyopathies or other genetic conditions, and patients 
treated with cardiotoxic agents and/or radiotherapy. Additionally, the measurement of e' 
seems to be a sensitive tool for evaluating subtle cardiac damage in patients with known or 
suspected cardiac pressure and/or volume overload resulting in myocardial stress. 

1 1 9 



Chapler 9 

1 20 

Table 1. Strengths and weaknesses of echocardiogrophic parameters of systolic and diastolic function for 
detecting early cardiac damage 

Strengths Weaknesses 

� LVEF Image quality dependence 
Q) Rhythm dependence 

Sensitivity 
Volume dependence 0... 

.Sa! Myocardial Sensitivity Image quality dependence 
] en Deformation Rhythm dependence 

imaging Volume dependence 

MV-E and MV-A Image quality independence Rhythm dependence 
Sensitivity 
Volume dependence 

� OT Image quality independence Rhythm dependence 
� Sensitivity 
Q) 

Volume dependence 

IVRT Image quality independ ence Rhythm dependence 0... 
-� Sensitivity 
] en 

Image quality independence Rhythm dependence ro e 
Sensitivity 
Relative volume independence 

E/e' Image quality independ ence Rhythm dependence 
Sensitivity 

Abbreviations: LVEF: Left Ventricular Ejection Fraction; MV-E: early diastolic mitral valve inflow; MV-A: late 
diastolic mitral valve inflow; OT: Deceleration Time; IVRT: lsovolumetric Relaxation Time; e': Early diastolic 
myocardial velocity; E/e': MV-E divided by e'. 
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Engl ish sum mary 
Aim of this thesis; to evaluate the role of diastolic left ventricular function in the 
detection of subtle cardiac damage. To do so, we utilized both conventional and 'novel' 
echocardiographic techniques in different patient groups. 

In chapter 2 we have shown the structural differences in techniques that can be 
encountered when evaluating diastolic left ventricular function. The use color coded- and 
pulsed wave tissue Doppler lead to substantial differences in the classification of diastolic 
left ventricular function. 

In chapter 3 we describe cardiac sequelae of childhood cancer survivors. Several 
subtle cardiac differences were observed between this group and a healthy age 
and sex matched group. These differences were best detectable through the 'novel' 
echocardiographic techniques. 

Chapters 4 and 5 describe the role of early diastolic tissue Doppler ( e') in hemodialysis 
patients. In these chapters e' has proven to be a sensitive marker of changes in myocardial 
structure alterations through AGE breakers and its relative load independence utilizing it 
during hemodialysis. 

In chapter 6 we described the role of the novel echocardiographic techniques in a group 
of patients diagnosed with Long QT Syndrome. These novel techniques provided a 
tool showing mechanical left ventricular dispersion in combination mildly decreased 
contractility. In addition to mild diastolic left ventricular function disturbances. 

In the editorial ( chapter 7) we provided guidance on the use of a mixture of diastolic 
function measurements clinicians should use in daily practice. Advocating the use of a 
balanced set of diastolic measurements. 

Chapter 8 describes the strength of LV diastolic function measurements, especially E/e' 
to predict exercise capacity in heart failure patients. Diastolic function measurements in 
this study were better predictors as compared to left ventricular ejection fraction. 



Finally, in chapter 9, we review most echocardiographic techniques and their role in the 
evaluation of subtle cardiac damage. Based on sensitivity and technical properties e' 
provides clinicians with a valuable and more importantly feasible tool in the detection of 
subtle cardiac damage. 

In summary, this thesis provides evidence of the lack in sensitivity of left ventricular 
ejection fraction (LVEF) as a tool for detection of subtle cardiac damage. Most often 
subtle cardiac damage is not accompanied by a pathological decrease in LVEF, due to 
technical issues but more importantly morphological changes preserving LVEF. These 
morphological (i.e. remodeling in extracellular matrix etc.) changes in turn lead to 
increased stiffness of the myocardium. This thesis supports the role of tissue Doppler 
velocities as a diagnostic tool in the evaluation of subtle cardiac damage. We provide 
evidence for the incremental role of diastolic left ventricular function in the detection of 
subtle cardiac damage in several patient populations. 
The use of early diastolic tissue velocity ( e') provides clinicians several benefits over other 
conventional and more sophisticated echocardiographic measurements. From a technical 
point of view measuring e' is one of the least volume dependent, highly reproducible and 
sensitive measurements available to modern day clinicians. 

In conclusion ; this thesis advocates a more routine use of e' in clinical practice, especially 
in patients referred to clinicians based on the suspicion of subtle cardiac damage. 
Acknowledgement of these subtle signs of cardiac damage might in turn lead to earlier 
intervention and prevention of heart failure. 
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Dutch sum mary 
Het doel van d it proefsch rift i s  evaluatie van de ro l van d iasto lische li nker ventri ke lfunctie 
bij het opsporen van su btiele card iale schade. Voor  d it p roefsch rift zij n versch i llende 
pat ientenpopu lat ies onderzocht door m iddel van zowel conventionele als n ieuwe 
echocard iografische techn ieken .  

I n  hoofdstuk 2 tonen we de  structu rele versch i llen aan d i e  ontstaan door  het gebru ik  van 
versch i l lende besch ikbare techn ieken ter evaluat ie  van de d iastolische li nker ventri kel 
fun ctie. Het gebru ik  van colorcoded - en pu lsed wave tissue Doppler le idt tot su bstantiele 
versch i llen i n  de classificatie van de d iasto lische li nke rventrikel( dis )funct ie .  

I n  hoofdstuk 3 besch rijven we de gevolgen van bestrali ng  op het hoofd en/of de nek voor 
het hart i n  een groep patienten met een kankerbehandel i ng in hun  jeugd .  De structuu r  en 
fun ctie van hun harten werd vergeleken meteen contro legroep van gezonde mensen met 
overeen ko mstige leeftijd en geslacht. De pat ienten in d i t  onderzoek werden gekenmerkt 
door het hebben van klei nere en stuggere harten .  De conventionele techn ieken 
toonden wei n ig verschi llen tussen beide groepen, terwij l de versch i l len  met n ieuwe 
echocard iografische techn ieken vee l beter z ichtbaar was.  

De hoofdstukken 4 en 5 beschrijven de veranderi ngen van de card iale functie tijdens 
hemodialyse. Hoewel de li nker kamer ejectiefractie hetzelfde bleef, was er een du idelijke 
tijdelijke achteru itgang te zien van de diastolische functie. Tevens werd in hoofdstuk 5 
aangetoond dat de diastolische functie, gemeten door m iddel van vroeg diastolische myocard 
snelheid ( e') , een goede relatie heeft met de hoogte van eiwitten die de stijfheid van hart en 
bloedvaten bevordert, de zogenaamde Advanced G lycation End-Products ( AG Es). 

In hoofdstuk 6 wordt de rol van n ieuwe echocard iografische tech n ieken besch reven 
in een pat ientenpopu latie met de d iagnose ' lang QT-syndroom ' .  Deze pat ientengroep 
ken merkt zich door subt iele b iventricu lai re afwij ki ngen in zowel de l i n ker- als rechter 
ven tri ke l d iasto lische functie. Deze resu ltaten wijzen ero p  dat de persisterende i nstroom 
van natri u m  in de hartcellen mogelij k le idt tot d iastol ische d isfu nct ie .  

Hoofdstuk 7, is een edito rial, waari n wij c li n ic i  adviseren over de toepass ing van 
d iasto lische funct iemeti ngen in de dagelij kse prakti jk .  H ierb ij doen we een voorste l ten 
aanzien van een com binatie van enkele gesch ikte meti ngen op basis van voorspe llende 
waarde, sensit iviteit en meetbaarheid van de d iastol ische fu nctie meti ngen .  H ieru it 



adviseren we om bij de evaluatie van diastolische LV functie te starten met het meten van 
e' en E/e'. Additioneel kunnen het linker atrium volume, mitralis inflow parameters en 
pulmonaal vene flow een beter inzicht geven in de ernst van de diastolische disfunctie. 

In hoofdstuk 8 beschrijven we de relatie van inspanningstolerantie bij patienten met 
hartfalen en systolische en diastolische functie metingen, metals resultaat dat de 
diastolische functie metingen een beter voorspellend vermogen hebben in vergeli jk met 
systolische functie metingen. In dit onderzoek was van alle echocardiografische bepalingen 
E/ e' de beste voorspeller van de inspanningstolerantie van hartfalenpatienten. 

In hoofdstuk 9, reviewen wij de belangrijkste echocardiografische technieken om de 
linker ventrikel functie te evalueren. Gebaseerd op de sensitiviteit en technische aspecten 
concluderen we dat het meten van de vroege diastolische weefselsnelheid gevoeliger is voor 
het opsporen van subtiele cardiale schade dan het meten van de linker ventrikel ejectiefractie. 

Samenvattend verschaft dit proefschrift bewijs voor de lage sensitiv iteit van het meten 
van de LVEF als meting wanneer wordt gezocht naar subtiele cardiale schade. Vaak 
gaat subtiele cardiale schade niet gepaard met een echocardiografische vermindering 
van de LVEF. Dit komt enerzijds door technische aspecten, zoals de beeldkwali teit. 
De echocardiografische beeldkwaliteit wordt in sterke mate bepaald door patienten 
habitus, longproblematiek en de beperkingen van de techniek (beperkte scandiepte voor 
beeldvorming, volume afhankelijkheid). Een nag veel belangrijkere factor voor het niet 
kunnen detecteren van subtiele cardiale schade zi jn morfologische veranderingen die de 
LVEF op peil houden. Een bekend voorbeeld hiervan is het ontwikkelen van hypertrofie bij 
drukbelasting van het linker ventrikel. Deze morfologische veranderingen ( op basis van 
remodelling in de extracellulaire matrix etc.) leiden echter tot een toegenomen stugheid 
van het myocard met als gevolg een vermindering in diastolische functie. Dit proefschrift 
onderschrijft de rol van tissue Doppler snelheden als een waardevolle meting in de 
evaluatie van subtiele cardiale schade. Vanuit technisch oogpunt is e' een van de minst 
volumeafhankeli jke, hoog reproduceerbare en sensitieve metingen die een clinicus voor 
handen heeft. 

Concluderend kunnen we zeggen dat dit proefschrift een meer routinematig gebruik 
bepleit van e' in de klinische prakti jk, in het bi jzonder wanneer patienten warden 
doorverwezen naar een clinicus met de verdenking van subtiele cardiale schade. Het 
onderkennen van de subtiele tekenen van cardiale schade leidt mogelijk tot vroegere 
interventie en het voorkomen van hartfalen. 
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Tete lestai . . . .  ( het is vo lbracht) 
Het vo lbrengen van d it proefsch rift zou n iet zijn ge lukt zonder de grate h u lpvaard igheid 
van de ve le mensen om m ij n  heen .  G raag wil i k  deze mensen hier bedanken .  
Ten eerste :  Een proefsch rift en de onderzoeken waaru it d it bestaat zou noo i t  tot stand 
ku n nen komen zonder de mensen waarom onderzoek draait .  Alle mensen d ie  bij d iverse 
z iekenhu isbezoeken toestem m i ng hebben gegeven voor het gebru ik  van persoon l ij ke 
gegevens. lk heri n ner me de vele gesprekken met wi llekeuri ge mensen welke veelal 
aangaven mee te doen 'omdat ze anderen de kans op 'genez ing' w i lden geven ' .  lk heb veel 
respect voor de i nstel l ing van deze mensen en hoop in navo lgi ng van deze gedachte m ijn  
steentje te  ku nnen b ijdragen .  

' Ee n  omgeving waari n we kun nen leren van e lkaar' :  M ijn  promotoren :  Professor d r. A.A. 
Voors en Professor d r. M .P .  van den Berg. 

Beste Ad riaan, j ij hebt voor m ij de vei l ige leeromgeving weten te creeren, een gevleugelde 
u itspraak toen ik met een prob leem b ij je kwam:  'Verz i n  een list' is m ij altijd b ijgeb leven .  
(Volgens m ij is deze u itspraak van O liv ier B .  Bom mel.) Ons eerste contact was met m ij 
i n  de  ro l van coord i nator van de echokamer, al toen b leek voo r  m ij dat wij een goed team 
waren, jouw overz icht, handelsd rift en ' d rang naar voren '  zij n een voorbeeld geweest 
t ijdens d i t  traject . Je hebt m ij lessen en kansen geboden waar ik in de rest van m ij n  leven 
proftjt van zal hebben.  

Beste Maarten ,  i n  de t ijd dat j ij med isch hoofd was van de echokamer werd ik  
aangenomen als card io  fysiologisch laborant i n  het U MCG.  l k  heb  genoten van onze 
gezamel ij ke projecten random k inder kanker  overlevers en d ragers van het SCN5a 
mutatie gen .  Ondanks dat je i n  een latere fase van m ij n  promotie  m ij n  begele ider werd be 
je a ltijd enthousiast geweest over het onderzoek waar ik  mee bezig was en hebben jouw 
eigenschappen ' rust' en ' nauwkeu righe id '  m ij veel ge leerd .  

M ij n  copromotor: D r. P .G .  P ieper: Beste Els, de dag dat i k  je mocht  vragen als copromotor 
was een keerpunt, jouw kenn is van de echocard iografie was onm isbaar in dit toch vrij 
techn ische proefsch rift. Ondanks de vele jaren die wij onderhand samenwerken als 
'card io loog en laborant' is d it in de laatste jaren veel meer 'col lega en collega' geworden .  
l k  ben je h i er erg dankbaar voor! Je houd ing is voor  m ij altijd een sti mu lans geweest om 
verder te kijken dan m ijn neus lang is. 
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zu llen nooit meer hetze lfde z ij n !  Kevi n Dam man, bedankt voor je hu lp bij de statist iek! 

Beste Solmaz, bi j  jou komst i n  ans koude ki kkerlandje was ik een van de eerste mensen 
waarmee je  geconfronteerd werd ( over deze ervari n g  hebben we vaak gesproken) . Een 
leuke anekdote b i n nen ans project op  de DCG: iedereen werkte altijd i n  harmon ie  samen 
terwij l wij d iscuss ieerden over aanpak van zaken en verantwoordelij kheden .  De lange 
avonden op het ECL-UMCG waren soms h i larisch !  Een goed advies, gewoon n i et meer 
fietsen scheelt j e  een hoop el lende !  

Lieve Jos i ne ( Josiehh h h !) , onze paden kru isten elkaar toen j ij als co-assistent een kij kje  
kwam nemen op  de echocard iografie, s i ndsd ien hebben we hee l  wat meegemaakt! l k  
prijs mezelf ge lu kkig met een  l ieve vriend in  als j ij .  Bedan kt voor de  geze ll ige avondjes en 
heerlij ke d i ners. J ij hebt altijd een relativerende i nvloed o p  me gehad . l k  bewonder jou 
standvast igheid,  oprechtheid en down to earth i nste ll i ng. Nag een paar jaartjes en dan 
ben je  anesthesist, i k  vind het geweld ig! l k  ben b lij d at j e  vandaag naast me staat. 

Beste Jan -Walter ( aka JW aka Benzh i), nag n iet zo hee l  lang geleden zij n wij met elkaar 
in contact gekomen,  j ij valt in m ij n  boekje  onder het kopje 'gel ij kgestemde mensen vi nden 
elkaar altijd ' .  Jou passie voor ict aangelegen heden in com bi natie met m ij n  l iefde voor  
card iomechan iek gaat i n  de toekomst leuke resu ltaten geven, daarvan ben i k  overtu igd !  l k  
ben  b lij dat i k  jou en je  gez in  heb mogen verwelkomen i n  m ij n  leven en bi jzonder dat j ij me 
wi lt b ijstaan vandaag. 

Li eve broer( J u lian), li eve zus(Zefanja) : lk mag me gelu kkig prijzen met s ib l i ngs zoals 
j u ll ie. lk hoop dat wij samen met partners en kids een gelu kkig fam i lie leven kun nen le iden .  

Li eve paps( Au ke) en mams(M ariAn ne ), Tetelesta i .  Het is vo lbracht. J u ll ie z ij n  m ij n  basis 
en ik kan j u l l ie nooit genoeg bedanken  voor alles wat j u l l ie in m ij n  leven voor m ij hebben 
gedaan.  Wat i k  oak deed, j u ll ie steu n  en l iefde waren alt i jd voelbaar. l k  hoop dat d it 
proefsch rift j u ll ie net zo trots maakt als ik op j u ll ie ben .  J u l l ie talent om te sch rijven heb ik  
ge lukkig mogen meekrijgen .  l k  had m ij geen  betere o pvoed i ng ku nnen wensen .  

Lieve Oma's: Lieve Oma Pom p, uw n uchtere en eigenwijze 'G ru nneger' i nste ll i ng en  
koppighe id z ie  i k  terug i n  m ij n  dagelij ks bestaan.  Noo it gedacht dat i k  zou  komen te 



Acknowledgements I Dan kwoord 

werken op de afdel ing waar we afscheid hebben genomen van Opa. Li eve Oma H um mel, 
het laatste gesprek dat wij h adden zei u: 'wij hoeven n iets te zeggen,  onze band gaat vee l  
verder' ,  l k  ze i :  'Maar i k  w i l  n o g  zoveel met u meemaken ' .  Het doet me verd riet dat u e r  
vandaag n i et b ij bent. 

Lieve Jessica (Jess) : Omdat je het n i et wi l horen toch het cl iche: Achter iedere sterke man 
staat een sterke vrouw! S inds ik jou ken weet i k  dat d it waar is .  Opposites attract, j ij bent  
de aanvu ll i ng d ie  i k  lang heb gem ist i n  m ij n  leven.  N u  samen met onze eigen k ids  L iv  en 
Yara heb je m ij het grootst d enkbare geschenk gegeven ,  i k  hou van je .  

M ij n  l ieve dochters :  L ieve Liv, si nds je  eerste levensjaar ben je i n  m ij n  leven en ondanks 
dat i k  n iet je b iologische vader  ben krijg i k  toch een gevoel  van trots wanneer j ij m ij papa 
noemt. l k  ben trots op je  en zal er  altijd voor je z ij n .  L ieve Yara, het moment dat ik je voor 
het eerst vasth ie ld veranderde  de wereld, jou geboorte heeft me meer i nz icht gegeven dan  
we lk boek  oak. Ju ll ie z ijn  mij n  grate trots ! 

1 35 



136 


	hummek lakf
	Y.M.Hummel stellingen
	hummel 1-50
	hummnel 50-100
	hummel 100-150

