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 Introduction 

 Intradialytic hypotension is an important complica-
tion of hemodialysis (HD). Although its pathogenesis is 
not completely understood, it is clear that the decrease in 
blood volume due to ultrafiltration is the most important 
initiating factor. Hypotension results from a decreased 
product of stroke volume (SV), heart rate (HR) and sys-
temic vascular resistance. The continuing volume with-
drawal during HD is a hemodynamic challenge which 
may lead to an inability to generate sufficient cardiac out-
put (CO). However, there is a large inter- and intraindi-
vidual variability regarding the incidence of intradialytic 
hypotension. Therefore, to better understand the inter-
play between progressive volume withdrawal and chang-
es in LV performance during HD, studies have been con-
ducted using various echocardiographic techniques,
including M-mode echocardiography  [1, 2] , two-dimen-
sional echocardiography (2DE)  [3, 4]  and Doppler imag-
ing  [5–7] . Nevertheless, the acute effect of HD on cardiac 
function remains poorly understood, due to conflicting 
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 Abstract 

  Background:  The effects of hemodialysis (HD) on left ven-
tricular (LV) function have been studied by various echocar-
diographic techniques (M-mode, 2D echocardiography). 
These studies are hampered by a low accuracy of measure-
ments because of geometric assumptions regarding LV 
shape. Three-dimensional echocardiography (3DE) over-
comes this limitation.  Methods:  We tested the feasibility of 
3DE assessment of LV function during HD. Conventional bi-
plane Simpson rule (BSR) and single plane area length meth-
od (SPM) for LV function analysis were used as a reference. 
 Results:  12 HD patients were studied and in 10 (83%) a total 
of 80 3D datasets were acquired. In 3 patients, one dataset 
(4%) was of insufficient quality and excluded from analysis. 
Correlation between SPM, BSR and 3DE for calculation of 
end-diastolic (EDV, r = 0.89 and r = 0.92, respectively), end-
systolic volume (ESV, r = 0.92 and r = 0.93, respectively) and 
for ejection fraction (EF, r = 0.90 and r = 0.88, respectively) 
was moderate. Limits-of-agreement results for EDV and ESV 
were poor with confidence intervals larger than 30 ml. Both 
2DE methods underestimated end-diastolic and end-systol-
ic volume, while overestimating ejection fraction.  Conclu-

sion:  3DE is feasible for image acquisition during HD, which 
opens the possibility for accurate and reproducible mea-
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results. A number of factors influence cardiac function 
measurements, such as loading conditions  [7, 8] . Earlier 
LV performance studies may have been hampered by a 
low accuracy of measurements. M-mode and 2D echo-
cardiography are limited by geometric assumptions as to 
volume and function calculation. Three-dimensional 
echocardiography (3DE) overcomes this limitation, and 
has recently become a feasible method for rapid and ac-
curate measurement of LV function in a clinical rather 
than research setting  [9] . In this study, we therefore eval-
uate the feasibility of 3DE assessment of LV function dur-
ing HD. Also, we compared our 3D results with conven-
tional 2D methods for LV function analysis.

  Methods 

 Patients 
 Twelve patients on chronic intermittent HD entered the study. 

Two patients were excluded because of insufficient 3D echocar-
diographic image quality. The remaining 10 patients had a mean 
age of 56  8  15 years. All patients were in sinus rhythm and were 
dialyzed three times a week according to a standard dialysis pro-
gram, which had been unchanged for three months or longer. No 
medication was discontinued for this study. Four patients had a 
history of cardiac disease (2 coronary interventions, 1 myocar-
dial infarction, 1 angina pectoris). The mean heart rate (SD) dur-
ing echocardiographic examination was 68  8  10 bpm. All pa-
tients gave informed verbal consent.

  Hemodialysis 
 All dialysis treatments used Fresenius 4008 machines (Frese-

nius Medical Care, Bad Homburg, Germany), biocompatible 
membranes (Hemophane or Polysulphone) and bicarbonate-
buffered dialysate (Fresenius Medical Care SK-F213). The dura-
tion of the dialysis procedure was 4 h in all patients. During the 
first 30 min patients were connected   to the dialysis machine with 
only blood flow (recirculation) but no HD   or ultrafiltration (UF) 
taking place. The mean amount of fluid withdrawn was 2,617  8  
1,088 ml.

  Three-Dimensional Echocardiography 
 We used a new prototype transthoracic, fast-rotating 64-ele-

ment array transducer with a center frequency of 3 MHz. Techni-
cal aspects have been described elsewhere  [10] . In short, this 
transducer features the capability of second harmonic imaging 
and continuously rotates around its central axis with a maximum 
rotation speed of 480 rotations per minute. The transducer is con-
nected to a commercially available ultrasound system (GE Ving-
med Vivid 5, Horton, Norway). A validation study using cardiac 
magnetic resonance imaging as a reference showed a strong cor-
relation and good inter- and intra-observer agreement  [11] . 

  Image Acquisition 
 3DE was performed before HD, 5 min after patient connection 

to the HD system, during recirculation without UF (after 30 min), 
every hour during HD with UF, and 15 min after HD. In total, 8 

acquisitions were performed in each patient. Patients were stud-
ied in a partial left lateral decubitus position during HD. The 
transducer was placed in the apical position with the image plane 
rotating around the LV long axis. The depth settings were adjust-
ed to visualize the entire LV and part of the left atrium. Gain and 
power settings were optimized for endocardial border visualiza-
tion. The image acquisition was made, in second harmonic imag-
ing mode (transmit frequency: 2 MHz) during a single end-expi-
ratory breath hold of approximately 10 s and the ECG was simul-
taneously recorded for the 3D reconstruction process.

  Three-Dimensional Imaging Processing and Analysis 
 Imaging processing and analysis was performed as previously 

described  [11] . Image data were transferred via a network connec-
tion to a dedicated PC for processing and analysis. With custom 
designed software, based on MatLab (The MathWorks Inc., 
Natick, Mass., USA), the original 2D images are post-processed 
into 3D datasets. Subsequently, TomTec �  4-D LV-analysis soft-
ware (TomTec Imaging Systems, Munich, Germany) was used for 
further analysis. Eight equidistant cross-sectional image planes 
were used for analysis. The orientation of these images in 3D space 
was determined by manually marking the mitral valve, aortic root 
and apex. Contrast and gain settings were adjusted for optimal 
endocardial border visualization. Subsequently, the software au-
tomatically performed endocardial border detection in all imag-
es. One investigator verified the results from the automated bor-
der detection and corrected if necessary.

  The analysis program displays a reconstruction of the LV as a 
dynamic surface rendered image, in which LV wall motion is 
shown in three dimensions ( fig. 1 ). From an automatically plotted 
volume-time curve, LV end-diastolic (EDV) and end-systolic vol-
ume (ESV) was determined by the maximal and minimal volume 
and ejection fraction (EF) was calculated.

  Two-Dimensional Image Processing and Analysis 
 From the 3D dataset, two perpendicular images were extract-

ed representing the apical 2D four- and two-chamber views. Man-
ual endocardial border delineation was performed with MatLab 
using custom designed software. Two common algorithms for 
2DE ventricular volume calculation were used, as recommended 
by the American Society of Echocardiography  [12] :

   (1) The disc summation method or biplane Simpson rule 
(BSR), based on orthogonal planes from apical two- and four-
chamber views. Volumes were computed using the formulation:

20

i i
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cavity length
Volume a b

4 20
�

=
= �

  where a and b represent diameters of discs (see  fig. 2 ). 
 (2) The single plane area length method by calculation of LV 

end-diastolic and end-systolic volumes and ejection fractions 
from the four-chamber view. Volumes were computed using the 
formulation ( fig. 2 ):

( )2cavity area
Volume 0 85

cavity length
.= ×

  Inter- and Intra-Observer Variability 
 To assess inter-observer variability for 2DE, the first two ac-

quisitions of each patient were independently analyzed by anoth-
er observer blinded to previous results. For assessment of intra-
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  Fig. 1.   a  The LV is divided into 8 equidis-
tant cross-sectional images which are used 
for contour analysis.  b  An original image 
of an apical long axis view during fast rota-
tion. Reconstruction of the LV in end dias-
tole ( c ), and end systole ( d ).  

  Fig. 2.  Top panel: Biplane Simpson rule for 
calculating LV volume, based on orthogo-
nal planes from apical 2- and 4-chamber 
view. Bottom panel: Single plane area 
length method, based on a single apical 
view. Reprinted from Schiller et al.  [12] , 
with permission from The American Soci-
ety of Echocardiography. 
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observer variability, the first observer repeated analysis in a ran-
dom order. Both were blinded to 3DE results. Data on inter- and 
intra-observer variability for 3DE were available from a previous 
validation study  [11] .

  Statistical Analysis 
 Results for EDV, ESV and EF are represented as mean and SD. 

Data was tested for normality with the Shapiro-Wilk test. A re-
peated-measures ANOVA was used for analysis of differences 
within the variations. Post-hoc testing was performed with the 
paired t test. Regression and limits of agreement analysis was per-
formed for 3DE and 2DE measurements according to the method 
of Bland and Altman  [13] . Results for inter- and intra-observer 
variations are represented as mean  8  SD for the difference be-
tween the two measurements. p  !  0.05 was considered to be sig-
nificant.

  Results 

 Successful image acquisition was achieved in 10/12 pa-
tients (83%). A total of 80 3D datasets were acquired in 
these 10 patients. In 3 patients, one dataset (4%) was of 
insufficient quality and excluded from analysis. One pa-
tient suffered from symptomatic hypotension during 
HD, although no intervention was required. The time for 
data analysis averaged 15  8  5 min per 3D dataset.

  The test for normality was not significant, indicating 
that the data did not significantly deviate from the nor-
mal distribution. Repeated measures ANOVA showed a 
significant difference between the measurement meth-
ods (F = 10.5; p  !  0.02) but no significant difference be-
tween the moment of measurement (F = 0.57, p  !  0.78). 
Because a significant effect in time was not found, the 
data was averaged for further analysis.

  Correlation between the 2DE methods and 3DE for 
EDV (r  !  0.92), ESV (r  !  0.93) and EF (r  !  0.90) was 
moderate ( fig. 3 ). However, the limits-of-agreement be-
tween methods for EDV and ESV were poor with confi-
dence intervals all larger than 30 ml ( table 1 ). ANOVA 
analysis for EDV, ESV and EF showed significant differ-
ences between the different measurement methods (F = 
8.4, p  !  0.005). Post-hoc testing showed that both 2DE 
methods significantly underestimated EDV and ESV 
compared to 3DE. Limits-of-agreement analysis for EF 
showed an overestimation for both 2DE methods. How-
ever, these differences were not significant compared to 
3DE.

  Inter- and Intra-Observer Variability 
 The limits of agreement analysis of 3DE data from 

measurements performed by the first observer showed a 
mean difference of –1.4  8  6.6 ml for EDV, –0.1  8  4.4 ml 
for ESV and –0.3  8  2.4% for EF. For 2DE using SPM, the 
results were –1.2  8  11.4 ml, –3.2  8  16.0 ml and 1.6  8  
10.6%, respectively. For 2DE using BSR, the results were 
3.9  8  13.9 ml, 1.7  8  15.2 ml and 0  8  10.5%, respec-
tively. 

  The limits of agreement analysis demonstrated a 
mean difference of –0.1  8  11.7 ml for LVEDV, 1.3  8  8.7 
ml for LVESV and –0.7  8  4.8% for LVEF, for 3DE data 
by two independent observers. For 2DE using SPM, the 
results were 0.3  8  8.1 ml, –10.6  8  22.3 ml and 7.1  8  
14%, respectively. For 2DE using BSR, the results were 
–3.4  8  14.7 ml, –2.5  8  16.4 ml and 1.0  8  10.3%, respec-
tively.

Table 1. Comparison of LV volume and function measurement by 3DE and 2DE methods

R Regression equation SEE Mean difference 
8 SD

t test vs. 3DE
(p value)

Single plane method
EDV, ml 0.89 y = 0.88x – 0.86 23.12 –16.2822.7 <0.05
ESV, ml 0.92 y = 0.80x + 1.33 15.43 –15.3816.7 <0.02
EF, % 0.90 y = 0.93x + 5.55 4.87 3.184.6 NS

Biplane Simpson
EDV, ml 0.92 y = 0.85x – 3.04 18.91 –21.9819.4 <0.01
ESV, ml 0.93 y = 0.82x – 1.57 14.20 –16.8815.4 <0.01
EF, % 0.88 y = 0.92x + 4.60 5.27 1.785.0 NS

Results of regression analysis and Bland-Altman analysis comparing LV volume and function with 3DE and 
2DE methods (see text for details).
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  Discussion 

 This study demonstrates that image acquisition using 
3DE is feasible for accurate evaluation of LV function in 
patients during HD. Previous studies showed that 3DE 
calculates LV volume with a precision comparable to car-

diac magnetic resonance imaging  [11, 14, 15] . While both 
techniques are superior to 2DE, magnetic resonance im-
aging is not feasible during HD. Tissue Doppler imaging 
(TDI), a newer Doppler technique advocated as less load-
dependent  [16, 17] , can be used during HD  [18] . TDI pri-
marily yields information on myocardial contraction and 
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  Fig. 3.  Relation between 3DE and 2DE 
measurements of EDV, ESV, and EF. 
The left panels show the regression 
analysis between the two methods. 
Dashed lines delimit 95% confidence 
interval.  d , solid line = Biplane Simp-
son method;  y  , dashed line = single 
plane area length method. The right 
panels show plots of the difference be-
tween 3DE and 2DE, as a function of 
the average calculated volumes. Solid 
and dashed lines represent mean  8 

2 SDs of the difference, respectively. 
EDV = Left ventricular end-diastolic 
volume; EF = left ventricular ejection 
fraction; ESV = left ventricular end-
systolic volume. 
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relaxation, but is less used for assessment of overall LV 
performance, which is usually expressed using the well-
known parameters SV and ejection fraction.

  The large interval between the limits of agreement and 
the underestimation of LV volume by 2DE are in line with 
previous reports  [14, 19] . 2DE calculations of LV function 
using the disc-summation method is based on the as-
sumption that a ventricle can be represented by a series 
of stacked elliptic discs of varying diameters. In patients 
with regional wall motion abnormalities and deformed 
ventricles, this assumption may be unjustified and result 
in an inaccurate and poor reproducibility of 2DE mea-
surements. Using 3DE, however, no assumption is made 
about the shape of the LV, and LV volume is calculated 
from a much greater set of data. Therefore, 2DE should 
be used with caution for LV function analysis when rela-
tively small differences in LV volume are expected, as 
during HD. When more image planes are used for LV 
volume calculation, as in 3DE, an increase in accuracy is 
observed. Previous studies suggested that at least four to 
eight image planes are necessary to accurately represent 
the ventricular volume  [20, 21] . Nosir et al.  [22]  showed 
that a 1% change in LV volume can be observed with a 
90% likelihood when 8 image planes are used. 

  To our knowledge, this is the first study to use 3DE 
during HD. Only one study used 3DE in HD patients for 
LV function determination  [23] . However, this study was 
not performed in the HD department. Accurately assess-
ing the changes in LV volumes during HD can result in a 
better insight into the development of dialysis hypoten-
sion. Especially the role of the so-called Bezold-Jarisch 
reflex, which leads to bradycardiac hypotension believed 
to be triggered by a severely underfilled LV, is not well 
understood. Monitoring changes in LV filling may help 
predicting the onset of hypotension, and may guide ther-
apeutic strategies such as ultrafiltration profiling. Addi-
tionally, more reproducible assessment of LV volumes, 
function and mass helps cardiovascular risk stratifica-
tion, which is important not only for managing the di-

alysis population but also for the work-up of renal trans-
plant candidates among dialysis patients.

  Our study is limited by the small number of patients. 
However, this study was not designed to determine the 
effect of a single HD session on LV performance. During 
image acquisition, a partial left lateral decubitus position 
and 10 s breath-hold were required. This was well-toler-
ated by the HD patients in our study. 3DE relies on achiev-
ing good endocardial border definition which depends 
on various factors. As patients in the HD department 
cannot be positioned in the most optimal way as they are 
in the echocardiography department (because of inter-
ference with blood lines, absence of examination table), 
this could hamper optimal image quality. Although ef-
fort was required by patient and ultrasonographist, we 
could acquire sufficient image quality in 80% of patients. 
In only 3 patients was a single acquisition of insufficient 
quality. Previous studies have shown an improvement in 
image quality  [24]  and, subsequently, smaller limits of 
agreement in inter- and intra-observer variability when 
intravenous ultrasound contrast agents are used  [25, 26] . 
Further studies are necessary to evaluate the feasibility 
thereof in this patient population.

  Conclusion 

 We conclude that successful image acquisition for 3DE 
is feasible for accurate and reproducible measurement of 
LV function during HD. This may improve the assess-
ment of the acute effect of HD on cardiac function, and 
guide therapeutic strategies aimed at preventing intra-
dialytic hypotension.
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