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gallant, and discreet that might possibly be imagined, but I could not transgress

the order of nature, wherein everything begets his like...
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Abstract

The increase in exracellular fluid volume (ECV) is predominantly seen in
hemodialysis (HD) patients and correlates positively with increments in blood
pressure (BP) and cardiovascular (CV) mortality. It predisposes to the left
ventricular hypertrophy (LVH) and contributes to the diastolic heart failure and
myocardial ischemia. Hypertension is evident in 70-90 % and LVH in 70 % of
those patients commencing dialysis. Symptomatic ischemic coronary artery
disease (CAD) and heart failure are present in one third of such patients. CAD
and LVH predispose to diastolic dysfunction and systolic heart failure. It is thus
not surprising that CV mortality among dialysis patients is much higher than in
the general population.

The present series of studies was designed to examine the effects of HD and
changes of ECV on the parameters used in the diagnosis of hypertension,
myocardial ischemia and diastolic dysfunction in patients on chronic HD
treatment.

In study I, interactions between changes in body weight, plasma atrial
natriuretic peptide (pANP) and ambulatory blood pressure (ABP) were studied in
10 patients. The results showed a positive correlation between interdialytic
weight gain and increase in interdialytic daytime systolic blood pressure (SBP).
pANP did not correlate with this BP elevation. Diurnal variation was preserved
in these patients.

In studies I1-111 the effect of HD with simultaneous ultrafiltration (UF) on
QRS amplitude and dynamic vectorcardiographic parameters (dVCG) was
evaluated in 15 patients. Simultaneous changes in ECV and blood volume (BV)
were recorded. The increase in QRS amplitude during HD correlated with a
reduction in ECV. Changes in the dVCG parameters QRS vector difference
(QRS-VD) and ST change vector magnitude (STC-VM) were related to ECV
and BV changes. The observed changes may give a false positive impression of
myocardial ischemia. The parameter ST vector magnitude (ST-VM) was less
markedly influenced by volume changes.

The separate effect of isolated UF and HD with minimal UF on dVCG
parameters and Doppler-derived indices of left ventricular (LV) diastolic
function were examined in 12 and 11 patients in studies IV and V. It was shown
that isolated UF increased parameters QRS-VD and STC-VM but not ST-VM.
The increase in QRS-VD bore a close relation to that in ECV. HD with minimal
UF had no effect on any dVCG parameters. UF affected the parameters E (mitral
inflow peak early diastolic velocity), A (mitral inflow peak late diastolic
velocity), and isovolumic relaxation time (IVRT), which are used in evaluation
of LV diastolic function. HD with minimal ultrafiltration as such does not have
an effect on these parameters.

In conclusion, in patients on chronic HD changes in ECV have an effect on
SBP, on some dVCG parameters and on Doppler-derived indices of LV diastolic
function.






Tuvistelma (Abstract in Finnish)

Keinomunuaispotilaiden solunulkoinen nestetilavuus on suurentunut johtaen
verenpaineen nousuun ja lisddntyneeseen sydén- ja verisuonitautikuolleisuuteen.
Liséksi solunulkoisen nestetilavuuden nousu aiheuttaa syddmen vasemman
kammion litkakasvua, altistaa syddmen lepovaiheen toimintahéiridille ja
syddnlihaksen hapenpuutteelle. Noin 70-90 %:1la keinomunuaishoitoon tulevista
potilaista on verenpainetauti ja/tai syddmen vasemman kammion liikakasvu.
Heistdi noin kolmasosalla on oireinen sepelvaltimotauti tai syddmen
vajaatoiminta. Toisaalta sepelvaltimotauti ja syddmen vasemman kammion
litkakasvu altistavat sekd syddmen lepo- ettd supistusvaiheen vajaatoiminnalle.
Tamdn vuoksi ei ole yllattdvaa, ettd keinomunuaishoidossa olevien potilaiden
sydén- ja verisuonitautikuolleisuus on merkittdvasti normaalivdestdd suurempi.

Téssd tutkimussarjassa tutkittiin  keinomunuaishoidon ja solunulkoisen
nestetilavuuden vaihtelun vaikutuksia pitkdaikaisessa keinomunuaishoidossa
olevien potilaiden verenpainetta, sydidnlihaksen hapenpuutetta ja syddmen
lepovaiheen toimintaa mittaaviin muuttujiin.

Tutkimuksessa I selvitettiin kymmenen pitkdaikaisessa
keinomunuaishoidossa olevan potilaan painon muutosten, sydéidneteisten
erittimidn munuaisten natriumineritystd lisddvdan peptidihormonin (pANP)
veripitoisuuden  muutosten ja  toistomitatun  verenpaineen  yhteytta.
Tutkimuksessa havaittiin positiivinen yhteys keinomunuaishoitojen vélisen
painon nousun ja suurten valtimoiden syddmen supistuksen aikaisen
korkeimman paineen (systolinen verenpaine) vililli. pANP:n pitoisuuden
muutokset eivdt olleet yhteydessd havaittuun verenpaineen nousuun.
Tutkitetuilla potilailla oli havaittavissa verenpaineen vuorokausivaihtelua.

Tutkimuksessa Il arvioitiin 15 potilaalla normaalin nestettd ja kuona-aineita
samanaikaisesti poistavan keinomunuaishoidon vaikutusta sydamen kammioiden
lepopotentiaalieron hdvidmistd sydansdhkokdyrdssd edustavan voimakkaan
heilahduksen (QRS-kompleksi) korkeuteen. Tutkimuksessa Il analysoitiin
edell mainittujen potilaiden kolmiulotteisen syddnsdhkokdyrin
(vektorikardiografia) muutoksia keinomunuaishoidon aikana. Tutkimusten I1-V
aikana mitattiin samanaikaisesti sekd veritilavuuden ettd solunulkoisen
nestetilavuuden muutoksia. QRS-kompleksin korkeuden nousu
keinomunuaishoidon aikana oli yhteydessd samanaikaiseen solunulkoisen
nestetilavauden  laskuun. Muutokset  kolmiulotteisen — syddnsdhkokéyrin
muuttujissa QRS-kompleksin vektoriero (QRS-VD), sekd S-poikkeaman ja T-
poikkeaman vilisen summavektorin suunnan muutoksen suuruus (STC-VM),
olivat yhteydessd solunulkoisen nestetilavuuden ja veritilavuuden muutoksiin.
Todetut muutokset saattavat antaa vddrdn vaikutelman sydanlihaksen
hapenpuutteesta. Kolmiulotteisen syddnsdhkokdyrdn muuttuja S-poikkeaman ja
T-poikkeaman vilisen summavektorin pituuden muutoksen suuruus (ST-VM) ei
muuttunut merkittdvésti keinomunuaishoidon aiheuttamien nestemuutosten
vaikutuksesta.



Tutkimuksessa 1V tutkittiin 12 potilaalla keinomunuaishoidon avulla erillisen
nesteenpoiston ja erillisen kuona-aineiden poiston vaikutusta kolmiulotteisen
sydansdhkokdyrdn muuttujiin. Keskeinen tulos oli, ettid eriytetty nesteenpoisto
lisdsi muuttujien QRS-VD ja STC-VM arvoja, mutta ei vaikuttanut muuttujaan
ST-VM. Muuttujan QRS-VD ja solunulkoisen nestetilavuuden muutosten vililla
havaittiin tilastollinen yhteys. Eriytetty kuona-aineiden poisto ei vaikuttanut
kolmiulotteisen sydédnsdhkokdyrdn muuttujiin.

Tutkimuksessa V mitattiin 11 keinomunuaishoitopotilaalla edelld mainitussa
tutkimusasetelmassa syddmen Doppler-kaikukuvauksella syddmen lepovaiheen
aikaisia veren virtausnopeuden muutoksia. Keinomunuaishoidon aikainen
nesteen poistuma vaikutti syddmen lepovaiheen toimintaa mittaaviin muuttujiin
E (varhainen virtaus hiippaldppdaukossa), A (vasemman eteissupistuksen
aiheuttama virtaus vasempaan kammioon) ja IVRT (aika aorttaldpin
sulkeutumisesta  hiippaldpdn avautumiseen, eli vasemman kammion
lihasjanteyden vihenemisaika). Pelkkd kuona-aineiden poisto ilman merkittdvaa
nesteen poistoa ei vaikuttanut kyseisiin muuttujiin.

Yhteenvetona on todettavissa, ettd pitkdaikaisessa keinomunuaishoidossa
olevilla potilailla solunulkoisen nestetilavuuden muutokset vaikuttavat
systoliseen  verenpaineeseen, erdisiin  kolmiulotteisen sydénsdhkokéyrin
muuttujiin sekd joihinkin kaikukuvauksella mitattaviin syddmen lepovaiheen
toimintaa mittaaviin muuttujiin.
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Introduction

The exceedingly high cardiovascular (CV) mortality rate among patients with
end-stage renal disease (ESRD) is a public health problem and a challenge for
kidney disease research. In the 45-54 year age group, the CV mortality rate
among dialysis patients is about 65 times higher than in the general population
(Levey et al. 1998). It is estimated that cardiovascular diseases (CVD) account
for 40 to 50 % of all ESRD mortality (Herzog 2000, Finne et al. 2001).

In view of the poor long-term survival, a more aggressive strategy is needed
for the detection of CVD in ESRD patients. Advanced methods, ambulatory
blood pressure monitoring (ABPM), dynamic vectorcardiographic ischemia
monitoring (dVCG) and Doppler echocardiography, are nowadays available for
the detection of hypertension, coronary artery disease (CAD) and heart failure.
The present study was designed to evaluate the effects of extracellular fluid
volume (ECV) and hemodialysis (HD) on the results of these methods in patients
on chronic HD treatment.

Fluid retention is not the only, but certainly a prominent factor in the
pathogenesis of CVD in ESRD patients. These patients have an increased salt
sensitivity and they react with a significant increase in blood pressure (BP) if
given a diet containing much sodium (Koomans et al. 1985). ECV and blood
volume (BV) are expanded in renal failure and correlate to elevated BP (Kim et
al. 1980). The prevalence of hypertension increases as renal failure progresses
being present in 80-90 % of patients on dialysis (Mailloux et al. 1998). Studies
using ABPM indicate that a substantial number of ESRD patients have also lost
the normal diurnal variation in BP. The relation between ECV expansion (body
weight), BV and diurnal variation is evaluated in this thesis.

Many patients commencing dialysis suffer from coexistent CAD (Jungers et
al. 1997), which is associated with a worse prognosis (Foley et al. 1995). In
uremic patients, myocardial ischemia can occur even in the absence of
significant CAD by reason of increased oxygen demand, impaired
autoregulation, decreased capillary density and small-vessel disease. The
recognition of CAD in ESRD is complicated by the fact that many of these
patients are asymptomatic (Bennet et al. 1978) and have left ventricular
hypertrophy (LVH) -related electrocardiographic (ECG) abnormalities. On the
other hand, ST-segment changes are observed in 15 to 61 % of HD patients when
investigated by ambulatory Holter monitoring (Kremastinos et al. 1992, Singh et
al. 1994, Conlon et al. 1998). Changes in the volume of ultrafiltrate removed
have been thought to play an important role in the background to these findings
(Kremastinos et al. 1992, Singh et al. 1994). In this thesis, the use of the dVCG
ischemia monitoring system, myocardial infarction dynamic analysis (MIDA), is
evaluated during HD with and without ultrafiltration (UF).

Fluid retention also inevitably leads to dilatation of the heart compartments
and a direct relationship is found between BV and left ventricular (LV) diameter
in HD patients (Chaignon et al. 1981). LVH is present in about 70 % of ESRD
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patients, and as many as 70 % of HD patients may have diastolic dysfunction of
the LV. Doppler-derived indices are used for the estimation of LV diastolic
function, but earlier studies suggest that some of them are dependent on fluid
status. In this thesis, the effects of UF and HD without of UF on Doppler-derived
indices of LV diastolic function are assessed.
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1 Review of the literature

1.1 Fluid status and its determination in hemodialysis
patients

1.1.1 Extracellular volume expansion

In the HD patient's fluid status there is a continuous disequilibrium characterized
by a rapid reduction in ECV during dialysis and followed by its slow increase
between dialysis sessions. As the glomerular filtration rate declines, ECV
expands being predominantly increased in almost all anuric HD patients
(Vasavada et al. 2003).

Fluid intake is the most important determinant of weight gain between HD
sessions. The over-riding stimulus to thirst is effective plasma osmolality, of
which the serum sodium concentration is the major determinant (Tomson 2001).
The ECV is entirely dependent on the amount of sodium in the body (Mees
1995). Theoretically, a 1 % increase in sodium concentration would cause an
increase in ECV of 0.5 liters. As the plasma is a part of the ECV, BV take place
concomitant with it. The ECV-BV relationship is not however linear, since BV
within the vascular system cannot increase indefinitely, while there is no
apparent limit to expansion of the ECV (Guyton et al. 1996). An ECV excess of
more than 10 % of body weight may not cause evident edema.

In HD patients excess salt and water can only be removed by intermittent UF.
Over the past 15-20 years there has been an increase in the prescribed dialysate
sodium concentration to reduce intradialytic symptoms such as hypotension and
muscle cramps (Leunissen et al. 1996, Charra 2007). However, a high dialysate
sodium gradient is related to higher interdialytic weight gains and BP in HD
patients (Daugirdas et al. 1985, Charra 2007). Recently, lower dialysate sodium
has been advocated to decrease BP (Krautzig et al. 1998, Song et al. 2002, de
Paula et al. 2004, Thein et al. 2007).
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1.1.2 Determination of fluid status

Estimating the dry weight correctly is of the most importance in dialysis patients
to minimize both symptomatic hypotension during dialysis and hypertension and
volume overload during the interdialytic period (Perazella 1999).

1.1.2.1 Dry weight

The term dry weight was used for the first time in the literature in 1967
(Thomson et al. 1967). Traditionally dry weight is defined as the lowest weight a
patient can tolerate without the development of symptoms or hypotension in the
absence of overt fluid overload (Henderson 1980). However, the presence of
hypotension alone does not necessarily mean that dry weight has been achieved.
Kim and associates (1970) showed that hypotension might occur in dialysis
patients even though they are grossly overhydrated and edematous.

The current definition accentuates the value of interdialytic BP: the dry
weight is that body weight at the end of dialysis at which the patient can remain
normotensive until the next dialysis despite retention of salt and water
(Wizemann et al. 1995, Charra et al. 1996, Charra 1998). In addition, at dry
weight the patient has no clinical signs or symptoms of fluid overload or
hypovolemia.

It is also important to note, that in many patients dry weight varies over time.
During the first months of HD treatment, it is the net result of two opposing
processes, i.e. control of the ECV to reverse hypertension on the one hand and
increase in the 'dry mass” as a result of anabolism induced by HD treatment on
the other (Chazot et al. 1999). Dry weight can also fluctuate with intermittent
illnesses and with changes in lean body mass and body fat.

1.1.2.2 Clinical assessment

At present dry weight is in most centers determined clinically. However, several
investigators have found the clinical determination of dry weight difficult,
unreliable or insensitive (Kouw et al. 1993, Leunissen 1995, Spiegel et al. 2000).
For example, edema may not be detectable until the ECV has risen by 30 %
above normal, corresponding to 4-5 liters. Thus, other modalities have been
evaluated in an effort to estimate dry weight more objectively.
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1.1.2.3 Natriuretic peptides

1.1.2.3.1 Atrial natriuretic peptide

De Bold et al. (1981) demonstrated that infusion of atrial (but not ventricular)
tissue extracts of normal hearts into rats causes rapid natriuresis and diuresis.
Atrial natriuretic peptide (ANP) was the first member of a family of peptides
with potent natriuretic, diuretic and vasorelaxant activities (Laragh 1985).
Endogenous paracrine/autocrine factors such as endothelin-1, nitric oxide, or
angiotensin II liberated in response to atrial wall stretch, rather than direct
stretch, appear to be responsible for activation of ANP secretion in response to
volume load (Ruskoaho et al. 1997). Due to its relatively low molecular weight,
ANP can theoretically be removed through the dialysis membrane. However, it
has been shown that ANP hardly changes during isovolemic dialysis and its
secretion rate probably lies well above the removal rate through the dialysis
membrane (Lauster et al. 1990, Mallamaci et al. 1994).

Larger increases in ANP levels can be observed during acute and chronic
ECV overload. In ESRD patients the plasma concentration of ANP is increased
several fold compared to healthy controls, which might be due to volume
expansion, decreased renal clearance and prolonged plasma half time (Kojima et
al. 1987, Woolf 1989). Rascher and associates (1985) were the first to suggest its
possible role in determining fluid status in HD patients. ANP levels are elevated
before and after dialysis in HD patients compared to healthy controls, and levels
are significantly lower after HD (Andersson et al. 1988, Ishikura et al. 1996,
Wolfram et al. 1996, Plum et al. 2001).

Katzarski and associates (1999a) have investigated the effect of fluid removal
during HD and the interaction between intravascular volume and ANP in 16 HD
patients. They conclude that the usefulness of the plasma atrial natriuretic
peptide (pANP) level in assessment of fluid status in HD patients is limited,
since age and factors other than those directly related to volume influence the
concentration of ANP. ANP has also been found to be elevated in normovolemic
HD patients with mitral valve insufficiency compared to normovolemic patients
without this disorder making ANP levels difficult to interpret in this setting
(Leunissen et al. 1993). Thus, the persistent postdialysis ANP elevation might be
due to inadequate dry weight achievement or the presence of altered left atrial
hemodynamics. pANP levels are useful parameters for fluid overload only in HD
patients with normal left atrial function.
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1.1.2.3.2 pro-Atrial natriuretc peptides

Pro-ANP peptides are also elevated in dialysis patients and decrease during the
dialysis session when fluid is removed. It has also been found that high flux
cellulose-triacetate dialyser reduces plasma levels of pro-ANP peptides
significantly, whereas ANP is not affected. According to their molecular weight
and size, elimination across the membrane is unlikely and membrane absorption
is the possible explanation (Franz et al. 2001).

In a study by Franz and colleagues (2000), patients with altered LV
hemodynamics displayed significantly higher plasma concentrations of all pro-
ANP fragments and ANP than patients with normal cardiac function. HD
patients with moderate or severe hypertension had higher concentrations of pro-
ANP peptides and ANP than patients with normal BP or those with only mild
hypertension. Cellulose-triacetate dialysers reduced plasma levels of pro-ANP 1-
30, pro-ANP 31-67, and pro-ANP 1-98 significantly more than polysulfone
dialysers, but ANP levels were not different. The investigators concluded that
circulating ANP and pro-ANP fragments are influenced by a variety of factors
such as ESRD, HD treatment, dialyser membrane material, cardiac dysfunction
and hypertension (Franz et al. 2000).

1.1.2.3.3 Cyclic guanosine 3',5 -monophosphate

Like ANP, cyclic guanosine 3,5 -monophosphate (cGMP) is also released in
response to an increased wall stress in the right and left atrium of the heart.
cGMP acts as a second messenger for ANP, which stimulates its production by
activation of membrane-bound guanylate cyclase. Since cGMP is more stable in
serum at room temperature than ANP, it has been proposed that cGMP would be
a better marker than ANP for the assessment of fluid status (Jaeger et al. 1999a).

Lauster and associates (1990, 1992, 1993) concluded that the cGMP value
determined immediately after HD is a sensitive marker for overhydration in
patients with ESRD. However, others have not confirmed this conception, since
the levels of cGMP are also influenced by altered left atrial hemodynamics
(Leunissen et al. 1993). In addition, several other natriuretic peptides stimulate
the production of cGMP and its specificity is thus low. Due its relatively low
molecular weight, cGMP can theoretically be removed through the dialysis
membrane. Plum and colleagues (1990) have shown that plasma cGMP
decreases during isovolemic HD and thereby underestimates post-dialysis
hydration.
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1.1.2.3.4 Brain natriuretic peptide

At present, the mammalian natriuretic peptide system including ANP, brain
natriuretic peptide (BNP) and C-type natriuretic peptide has been described.
BNP is a natriuretic hormone homologous to ANP. It is synthesized in the brain
and heart by a process similar to that producing ANP and the actions of the two
are similar (Mukoyama et al. 1991). In many recent studies an increase in plasma
BNP levels in dialysis patients has been observed (Nishikimi et al. 2001, Fagugli
et al. 2003a, Lee et al. 2003) when compared with those of controls. In a study
by a group under Nishikimi (2001) plasma BNP levels before and after HD
directly correlated with the degree of body fluid retention only on mondays
suggesting that marked predialytic fluid retention due to one extra interdialytic
day may elicit a higher BNP secretion. However, several other studies have not
reported BNP reduction after HD (Kohse et al. 1993, Ishikura et al. 1996, Lee et
al. 2003). Fagugli and associates (2003a) found an association between BNP and
ECV in HD patients, but they excluded patients with congestive heart disease,
valvular heart disease, atrial fibrillation, LV dysfunction and diabetes mellitus.
BNP is highly specific for heart failure, since it is minimally expressed in the
normal myocardium (Wiese et al. 2000). The highest concentration of the
peptide is found in the atria, with the total ventricular amount of BNP being even
higher due to greater mass of the ventricle. BNP gene expression in atria and
ventricles is induced within one hour in response to overload (Méadntymaa et al.
1993, Magga et al. 1994, Hama et al. 1995, Nakagawa et al. 1995). Since cardiac
function is a major determinant for BNP plasma levels, it would appear to have
only a limited role in the assessment of overhydration in HD patients.

1.1.2.4 Blood volume monitoring

UF during dialysis removes fluid from the intravascular compartment and results
in a progressive decline in BV (Koomans et al. 1984). Absolute BV may be
determined by measuring the concentration of an injected tracer or dye, which is
distributed homogeneously in the vascular compartment. This method is both
invasive and intermittent and is not suitable for routine application in the
monitoring and control of BV (Johner et al. 1998).

Steuer and colleagues (1993) have described a simple, practical and reliable
optical multiple-wavelenght method to measure real-time continuous changes in
BV. The method is based on measuring the change in hematocrit. Since
erythropoietin does not have any short-term effects on hematocrit, the increase in
hematocrit during HD is inversely proportional to the change in BV. Four main
profiles of BV decrease during HD sessions have been observed (Santoro et al.
1996). Profile types have been used to detect an inadequately high dry weight
(Lopot et al. 1996). A flat BV profile throughout dialysis in a patient who
tolerates the session hemodynamically well suggests that that patient has not yet
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attained dry weight and the steepest BV reduction is related to hypovolemia
(Jaeger et al. 1999a).

It has also been suggested that such monitoring may allow the prescribed dry
weight to be achieved more safely without hypotension (DE Vries et al. 1993,
DE Vries et al. 1994). On the other hand, interindividual (Santoro et al. 1996)
and intraindividual (Krepel et al. 2000) variability in BV changes as a response
to the UF rate makes it unlikely that a single value of BV will reliably predict the
occurrence of dialysis-induced hypotension (Basile 2001). Santoro and
colleagues (1995) have studied BV trends after UF stops. They conclude that the
profiles of BV changes after these UF stops define the individual capacity for
plasma refilling and may have the great advantage of optimizing the patient's dry
weight.

1.1.2.5 Bioimpedance analysis

The bioelectrical impedance analysis (BIA) is used for the assessment of volume
status and evaluation of hemodynamic changes and transcompartmental fluid
shifts during HD. It is also a simple means of assessing nutritional status
(Chertow et al. 1995, Kushner et al. 1996). Kouw and associates (1992) using
multiple frequency BIA, having data from 29 HD patients and 31 control
subjects, found that HD patients had markedly expanded predialytic ECV
compartments compared with controls. Others have confirmed these results
(Spiegel et al. 2000, Chen et al. 2002).

In some reports, BIA prediction of total body water in HD patients has been
shown to correlate very well with dilution techniques (Ho et al. 1994, Cooper et
al. 2000). However, in other studies an unacceptably wide range of agreement
has been found between BIA and tracer dilution techniques (Arkouche et al.
1997, Cox-Reijven et al. 2001). In the last mentioned study the disagreement
between techniques was augmented in patients with the largest relative
magnitude of body water compartments. Nevertheless, BIA adequately predicted
acute changes in ECV during isolated UF as well as during HD with UF. It is
important to note that BIA does not accurately predict absolute water loss during
dialysis (Di lorio et al. 2004). However, both whole-body and segmental BIA
can be used to track relative changes in ECV with 2 % to 3 % precision error
(Gudivaka et al. 1999, Chanchairujira et al. 2001).

Bioimpedance measurement has certain limitations. The optimal time to
perform BIA in relation to HD is uncertain and the timing of BIA measurement
has been ranged from immediate post-HD to 1.5 hours post-HD (Fisch et al.
1996, Katzarski et al. 1996, Zhu et al. 1999). Immediately after dialysis BIA may
underestimate ECV, since at that time fluids shift from the legs towards the trunk
and the trunk contributes only 5 % to total resistance. However, in a recent study
by Di lorio and colleagues (2004) it was found that BIA variables remained
constant and highly reproducible over the 120 minutes after the end of HD.

In addition, measurement of high-frequency impedance is affected by
temperature, electrolyte, red cell and protein concentration changes during
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dialysis (Scharfetter et al. 1997). However, a group under Sinning (1993), using
single-frequency BIA measurement, found no correlation between changes in
electrolytes, whereas changes in hematocrit and serum protein values had a high
correlation to a measured resistance.

In comparison with inferior vena cava diameter (IVCD) and BV changes,
BIA may be the most accurate means of assessing fluid changes in HD patients
(Kraemer et al. 2006). A protocol using a combination of BIA and on-line BV
monitoring in assessment of dry has been described for clinical practice (Jaeger
et al. 1999b).

1.1.2.6 Inferior vena cava diameter and collapsibility

The echocardiographic examination of the IVCD and collapsibility has been
proposed as a non-invasive method for estimating intravascular volume (Cheriex
et al. 1989, Brennan et al. 2006). A group under Ando (1985) was the first to
show the relationship between the amount of water removed and the IVCD in
HD patients. IVCD has been validated against right atrial pressure and total BV
in ESRD patients, and the post-dialysis IVCD reliably predicts hemodynamic
changes during HD (Kouw et al. 1993, Leunissen et al. 1993). Some limitations
to IVCD and collapsibility measurement should be noted. Mandelbaum and
associates (1996) found a wide interindividual variation and single
measurements are not helpful in individual patients. As IVCD is a derivative of
right atrial pressure, the presence of tricuspidal insufficiency or right side heart
failure also limits its use (Moreno et al. 1984). IVCD increases at least 2 hours
after HD due to refilling from interstitial fluid and shortly after HD may
overestimate an underhydrated status (Tetsuka et al. 1995, Katzarski et al. 1997).

1.1.2.7 Radioisotopes

ECV values obtained by the dilution technique are considered as reference
values for comparison with alternate measurement techniques (Ellis 2000).
Bromide is the most commonly used tracer for the measurement of ECV. It
should be noted that labelled traces, which diffuse over the ECV, also penetrate
into the intracellular space to a variable degree, thus introducing errors in
measurement (Boer 1984, Leunissen et al. 1993). Accuracy for the assessment of
ECV by bromide is around + 5 % (van Kreel 1994). The use of these techniques
is, however, limited in clinical practice since they are time-consuming, cannot be
repeated frequently and usually mean exposure to radioactivity.
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1.2 Body fluid dynamics during dialysis

During an HD session of 3-5 h several liters of fluid may be removed by UF and
this in some cases may exceed the total circulating plasma volume. During
normal HD (diffusion combined with UF), plasma water removal induces a
progressive reduction in plasma volume and a decrease in cardiac stroke volume
(SV) (Kinet et al. 1982). The resultant hypovolemia is followed by refilling: a
water shift from the interstitial and cellular spaces toward the vascular
compartment (Santoro et al. 1998).

Fluid removal by UF results in a decrease in plasma hydrostatic pressure and
a rise in plasma protein concentration and oncotic pressure. Both of these
changes promote vascular refilling from the interstitial space to the vascular
compartment. At the same time, due to diffusive loss of urea and other small
solutes, the osmolality of the fluid returning to the patient will fall, leading to a
movement of water into the cells. This effect and water loss by UF leads to ECV
depletion and refilling will decrease.

During HD treatment, plasma volume would theoretically remain constant if
refilling equals the UF rate. However, refilling is probably never completed
during a dialysis session and there is a delay with plasma refilling lagging behind
UF (Keshaviah et al. 1984). It has been shown that the post-dialysis re-
equilibration between BV, intracellular fluid volume and ECV appears to take 3
to 5 hours (Olthof et al. 1992).

The refilling rate depends on the following factors (Katzarski et al. 1996):
individual state of hydration (Koomans et al. 1984), UF rate (Mann et al. 1990),
dialysate sodium concentration (Mann et al. 1990), total protein balance
(Schneditz et al. 1992, Enzmann et al. 1994) and capillary permeability
(Schneditz et al. 1992).

In view of the large number of factors that are involved in regulation of the
plasma refilling rate, the individual variability in refilling is substantial. During a
regular UF rate (10-15 ml/min) applied for 4 h in nearly normohydrated patients,
the individual BV decrease may vary from 10 to 30 % (Koomans et al. 1996).

A rapid reduction in plasma osmolality, which causes ECW (extracellular
water) to move into the cells, can be avoided in sequential UF and isovolemic
dialysis. During isolated UF the plasma returning to the patient is reduced in
volume but not changed in osmolality. The resulting rise in plasma oncotic
pressure results in fluid movement from the interstitial fluid and the cells into the
reduced vascular space. The last effect will lead to enhanced plasma refilling and
minimize the degree of plasma volume depletion (Jones et al. 1977, Keshaviah et
al. 1982).
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1.3 Hemodynamic changes and monitoring during
hemodialysis

1.3.1 Cardiovascular reactivity

When refilling from the interstitial tissue to the intravascular compartment
during UF is inadequate, a decline in plasma volume results and other
compensatory mechanisms are required to maintain BP (Passauer et al. 1998). A
normal CV response is a activation of the sympathetic nervous system. This
response results in an increase in systemic vascular resistance (SVR) and venous
tone, and a translocation of sequestered blood from the splanchnic and cutaneous
circulation to the central BV maintaining adequate cardiac filling (Greenway et
al. 1986, van Kuijk et al. 1995).

Sympathetic activation also increases the heart rate (HR) and cardiac
contractility, which results in maintained cardiac output (CO). However, cardiac
rate changes appear to be less important in maintaining CO under conditions of
decreased filling than in normal physical activity (Daugirdas 1991).

Arterial hypotension results if the normal sympathetic nervous system
response is impaired. In persistently hypotensive patients, parasympathetic
dysfunction is accompanied by sympathetic impairment. These patients are not
able to increase the HR and/or SVR adequately in response to UF (Takahashi et
al. 1996, Armengol et al. 1997). A sudden withdrawal of sympathetic activity
can also occur once a critical reduction in BV has been reached. The result is
vasodepressor syncope (Bezold-Jarisch reflex) with bradycardic hypotension
(Converse et al. 1992a).

1.3.2 Non-invasive hemodynamic monitoring

A thorough evaluation of a patient's hemodynamic profile would be ideal to
optimize volume management in HD. Impedance methods to assess
hemodynamics have been available since the 1960s. Thoracic bioimpedance
(impedance cardiography) is a non-invasive technology, which tracks changes in
cardiac SV and thus estimates CO. The thoracic bioimpedance methods are those
most widely used, but their levels of agreement with invasive methods have
varied substantially (Atallah et al. 1995, Jensen et al. 1995). In whole-body
impedance cardiography most of the body participates in the impedance
measurement. In a study by Koobi and associates (1997) a close agreement
between whole-body impedance cardiography and thermodilution in the
measurement of CO in patients with CAD was found. This method has not been
validated in HD patients.
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The ultrasound dilution technique is a novel means of measuring CO and
SVR in HD patients. The method has been verified to be accurate and
reproducible in HD patients (Krivitski et al. 1999). Also CO measured by
ultrasound velocity was in good agreement with invasive measurement in an
animal model (Kisloukhine et al. 1996).

A number of studies (Santoro et al. 1990, Pizzarelli et al. 1995, Straver et al.
1998, Miltenyi et al. 2001, Hoeben et al. 2002) using non-invasive hemodynamic
monitoring during HD have provided an opportunity to gain more insight into
the pathophysiology of intradialytic hemodynamics. However, until recently
there are no data demonstrating their benefits in improving hemodynamic control
in HD (Ishibe et al. 2004).

1.4 Blood pressure and hypertension in hemodialysis
patients

1.4.1 Epidemiology

Hypertension is estimated to occur in 70 % to 90 % of chronic HD patients in the
USA, Europe and Finland (Raine et al. 1992, Salem 1995, Finne et al. 2001,
Rocco et al. 2001). Patients with chronic renal failure (CRF) also have a higher
incidence of increased pulse pressure and isolated systolic hypertension than the
general population (London et al. 1992).

In the majority of HD patients hypertension is not adequately controlled. A
group under Cheigh (1992) used ABPM to evaluate 53 HD patients BP and
found that only 15 % maintained BP within the normal limits. In the
Hemodialysis Study the mean baseline predialysis BP was 152/82 mmHg and in
predialysis patients in the Modification of Diet in Renal Disease Study only 54
% had BP < 140/90 mmHg (Hebert et al. 1997, Cheung et al. 2004). Mittal and
colleagues (1999) found that 80 % of hypertensive HD patients had a BP greater
than 150/90 mmHg despite antihypertensive medications.

1.4.2 Pathogenesis

The pathogenesis of hypertension in ESRD is a combination of volume
expansion and increased SVR. Various factors, including renin-angiotensin-
aldosterone, nitric oxide (NO), endothelin-1 and Na", K'-ATPase inhibitor and
increased sympathetic nervous activity, are proposed to increase SVR in patients
with chronic kidney failure (Mailloux et al. 1998, Salem 2002). Nonetheless,
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hypervolemia is clearly the most important factor in the pathogenesis of
hypertension in HD patients.

1.4.2.1 The role of extracellular volume and sodium

In 1960, Scribner initiated chronic HD treatment for terminal renal failure. His
first patient had malignant hypertension, which was cured by controlling his
ECV with a combination of dietary sodium restriction and UF. The patient
remained normotensive for the next 11 years he survived on dialysis (Scribner et
al. 1960, Scribner 1990).

Other historical data on hypertension in HD patients likewise support the
central role of salt and water retention in the pathophysiology of hypertension in
ESRD. During the 1960s the control of BP was achieved in a majority of patients
by long HD sessions and low-salt diet and the percentage of hypertensive
patients was low (Vertes et al. 1969, Charra et al. 2003). In the 1980s and 1990s
HD sessions were shortened and the sodium concentration in the dialysate was
higher, the diet was liberalized and the percentage of patients with hypertension
rose to over 50 % (Perez-Garcia et al. 2001). At present the prevalence of
hypertension in HD patients ranges from 70 to 90 % and almost all of them are
volume-overloaded (Mittal et al. 1999, Rahman et al. 1999, Mailloux 2001).

The first evidence for the role salt and water retention in the pathogenesis of
hypertension ESRD comes of a study by Kempner (1949), in which a sodium-
free rice diet was successfully managed to control hypertension in patients with
vascular disease. In patients on Kempner's diet ECV is normal (Murphy 1950).
Later Coleman and Guyton (1969) showed that in anephric dogs the sodium load
leads to hypertension characterized initially by increased plasma volume and
CO. This is followed by increased SVR, which maintains the hypertension
(Coleman et al. 1969). The response to salt and water loading is not uniform in
ESRD. A study by Kim and associates (1972) showed four different
hemodynamic profiles in response to fluid and salt overload leading to
hypertension in patients on HD.

Several studies on renal patients have investigated the relationship between
hypertension and fluid overload. Already 40 years ago, Blumbeg et al. (1967)
observed a strong association between fluid overload and hypertension.
Hypertensive HD patients also have an expanded ECV compared to
normotensive (Lins et al. 1997, Katzarski et al. 1999b, Chen et al. 2002), the
difference being approximately 2-3 liters (Katzarski et al. 1999b). Ozkahya and
colleagues (1999) reported that additional UF and strict control of sodium intake
resulted in normalization of BP in the majority of their HD patients. Studying
120 HD patients not receiving antihypertensive drugs Ventura and Sposito
(1997) found a direct correlation between change in mean BP and volume
expansion. In addition, Fishbane and coworkers (1996) found volume overload
to play an important role in the hypertension of HD patients. A group under
Leypoldt (2002) observed an association of the intradialytic decrease in body
weight and the intradialytic decrease with plasma volume with predialysis and
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postdialysis BP. Recently, in a study having data from over 32 000 dialysis
sessions in 442 subjects with a follow-up to six months, it was observed that
every 1 % increase in percentage of interdialytic weight gain was associated with
a 1.00 mmHg increase in predialysis SBP, 0.65 mmHg decrease in postdialysis
SBP and 1.66 mmHg increase in SBP during dialysis (Inrig et al. 2007).

The relationship between volume status (interdialytic weight gain) and BP in
HD patients has been questioned in many studies (Sherman et al. 1993, Luik et
al. 1994a, Luik et al. 1994b, Savage et al. 1997, Alvarez-Lara et al. 2001). A
summary of studies on the association between weight gain during the
interdialytic period and ambulatory blood pressure (ABP) is presented in Table
1.

Table 1. Summary of studies reporting association between interdialytic weight gain
and ambulatory blood pressure.

Author Number of  Weight gain  Interdialytic period Correlation with
patients (kg) (h) weight gain and BP
(+-)

Kooman et al. 1992 22 2.8+1.4 48 -
Luik et al. 1994a,b 20 28+1.6 72 -
Rodby et al. 1994 33 2.3 48 -
Chazot et al. 1995 40 1.2+0.8 35+£29 -
Huisman et al. 1995 12 23+1.2 64 +19 -
Lingens et al. 1995 18 1.5 42-71 -
Coomer et al. 1997 36 23+14 48 -
Savage et al. 1997 27 1.6 £ 0.8 48 -
Ventura et al. 1997 167 1.8+ 0.7 44-68 + MBP
Mitra et al. 1999 40 1.3+0.7 48 -
Sorof et al. 1999 12 1.0+£0.3 44 + SBP
Fagugli et al. 2003b 110 26+1.1 24 - (ECV+, SBP)
Santos et al. 2003 71 23+1.0 48 -

MBP = mean blood pressure, SBP = systolic blood pressure, ECV = extracellular fluid
volume.

There are many reasons why weight gain between dialysis sessions in most
studies bears little relationship to BP. One may be that the relationship between
ECV and BP is not linear. When ECV is normal, a small fluid load (1-2 kg) will
go unnoticed, but a slightly greater load (3-4 kg) will increase BP. There is also a
delay of several weeks or months between the normalization of ECV and the
gradual decrease in SVR and BP (Charra 1998, Charra et al. 1998, Ozkahya et al.
1999). Further, Luik and colleagues (1997) found that interdialytic fluid loading
increased intravascular volume and CO but reduced SVR, resulting in no change
in interdialytic BP (Luik et al. 1997). Hence, autoregulation of systemic blood
flow as postulated by Cuyton (1990) may not be applicable for short-term
interdialytic fluid changes in HD.
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However, the long-term changes in volume status could have a different
effect on BP as compared to short-term interdialytic fluid changes. The best
clinical evidence for volume overload in the pathogenesis of hypertension in HD
patients comes from Tassin, France. Using an 8-hour dialysis three times per
week with moderate salt restriction, BP was normalized in more than 90 % of
over a 1000 patients treated over a 30-year period (Chazot et al. 1995, Charra et
al. 1999). Further, in a recent study Katzarski and associates (2003) investigated
the effect of the removal of fluid excess on BP monitored continuously during 48
hours in HD patients. During a study period of 3-4 months systolic blood
pressure (SBP) and diastolic blood pressure (DBP) were reduced only in the
patient group who showed a reduction in ECV.

1.4.2.2 Lag phenemenon

Failure to find an association between ECV and BP may be due in part to a delay
of several weeks or months between the normalization of ECV and the gradual
decrease in SVR and BP (Charra 1998, Charra et al. 1998, Ozkahya et al. 1999).
This lag phenomenon may arise from retention of vasoconstrictive circulating
factors such as asymmetric dimethylarginine and Na’, K-ATPase inhibitors,
which may remain elevated because of the large volume of distribution,
ineffective removal and persistent expression caused by a volume- mediated
stimulus (Khosla et al. 2004). These factors are proposed to be a link between
increased ECV and increased SVR in the pathogenesis of hypertension in the HD
population (Boero et al. 1988, Tojo et al. 2000). Another explanation for the lag
phenomenon may be linked to the reduction of sodium bound in the interstitial
matrix lining the intimal surfaces of blood vessels (Shaldon 2006). This sodium
store slowly leaks out and takes months to become normal if the patient is
maintained on a 5 g salt intake per day.

A reduction in SVR and BP in patients treated with prolonged dialysis time
has been observed in a one study. Luik and coworkers (1998) studied whether
the good BP control in patients on long as compared to patients on short dialysis
was associated with differences in ECV. IVCD, LV diameter index and ANP
were not significantly different in patients on long dialysis compared to those on
short. The investigators concluded that patients on long dialysis have adequate
BP control, which seems mainly to be caused by a low SVR. The data suggest
that also factors other than a lower fluid state contribute to the good BP control
in patients on long dialysis. It is possible that longer dialysis times provide better
removal of these vasoconstrictive substances and therefore improve BP control.
Such a view is supported by the observation that 25 % of the normotensive
Tassin patients treated with long dialysis had elevated postdialysis ECV in a
study by Katzarski and group (1999b). In addition, a one study has shown that
the use of short dialysis sessions with highly efficient HD treatments was
associated with levels of BP control similar to those with conventional thrice-
weekly HD treatment (Velasquez et al. 1998).

31



1.4.3 Assessment of blood pressure

There are great uncertainties regarding the best method for measuring BP
(manual vs. monitored) and the best time (before dialysis, during dialysis, after
dialysis, interdialytic) for collecting reliable BP readings in HD patients
(Mailloux et al. 1998).

1.4.3.1 Sources of error

Some sources of error in the measurement of BP are unique to HD patients. The
dialysis access may limit the measurement of BP to the arm with weaker blood
flow, or it is also possible to have access in both arms. The environment of a
busy HD unit may have a significant influence on the predialysis BP. Further,
only a single BP measurement is usually taken rather than the average of three,
patients may not rest before measurement, adequate cuff size or placement may
not be used and the patient may not be asked about eating, drinking, smoking or
exercising in the previous half hour (Agarwal 2002). A group under Rahman
(2002) compared BP readings in 270 HD patients obtained following the usual
routine in an HD unit with those obtained following standard guidelines for BP
measurement. Their result implies that a given reading obtained in the dialysis
unit may have been approximately 20 mmHg less than or 49 mmHg greater than
the standardized BP reading. In addition, predialysis and postdialysis BP levels
are influenced by intradialytic decreases in body weight and plasma volume and
interdialytic weight gain (Fishbane et al. 1996, Ventura et al. 1997, Leypoldt et
al. 2002, Vasavada et al. 2003).

1.4.3.2 Dialysis unit measures

Regardless of many limitations in measurement, pre- and postdialysis BP
readings are normally used to represent BP behavior in HD patients. Some
studies have found that predialysis BP correlates with interdialytic BP (Conion et
al. 1996, Agarwal 1999). The postdialytic BP has been observed in some studies
to give the best approximation of interdialytic values (Kooman et al. 1992, Mitra
et al. 1999). Data obtained by Coomer and associates (1997) showed that both
pre- and postdialysis BP correlate significantly with mean ABP. However, many
studies using ABPM have concluded that dialysis unit BP cannot be used to
predict interdialytic BP (Rodby et al. 1994, Huisman et al. 1995, Zoccali et al.
1999, Agarwal et al. 2001b). The current opinion is that HD unit BP can be used
only in a quantitative sense. It can indicate the presence of hypertension, but
cannot accurately predict the ABP (Agarwal et al. 2001b, Agarwal 2002).
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1.4.3.3 Home monitoring

In free-living ambulatory hypertensive patients without renal disease, home BP
monitoring correlates with ABP better than office BP (Kleinert et al. 1984). The
use of home BP monitoring in HD patients has been assessed in a study by
Agarwal (1999) involving 20 HD patients and comparing home BP
measurements to 44-hour interdialytic measurements as well as pre- and post
dialysis unit measurements. Agarwal found an excellent correlation (r* = 0.8)
between average systolic and diastolic ABP and home blood pressures. ABP
correlated fairly well with predialysis SBP (r* = 0.73), while the poorest
correlation was with postdialysis BP (r* = 0.34). Using interdialytic ABPM
recording as the reference standard Agarwal et al. (2006) observed that home
SBP of > 150 mmHg has the best combination of sensitivity and specificity to
diagnose hypertension in HD patients. In patients with CRF not in HD an
average home BP of approximately 140/80 mmHg appears to be the best
correlate of hypertension defined by means of ABPM (Andersen et al. 2005).

1.4.4 Ambulatory blood pressure monitoring

The main problem in assessing HD patients BPs is that casual BP values taken
around the dialysis session correlate poorly with the values of an ABPM session.
The technique of ABPM allows better assessment of overall BP and a better
correlation with the end-organ damage than isolated clinic readings (Zoccali et
al. 1998, McGregor et al. 1999, Cannella et al. 2000, Agarwal 2007). ABPM is
likely to assume a more prominent role in the care of renal patients.

1.4.4.1 Normal values

Several large meta-analyses of normotensive and hypertensive populations
provide a useful normal range for ABPM (Staessen et al. 1996). The average
awake BP by ABPM is normally < 130/80 and values > 135/85 mmHg should be
considered as diagnostic for the presence of hypertension (Verdecchia et al.
1998, Ritz et al. 2001). Average nighttime ABPM values > 120/70 mmHg are
considered hypertensive.

1.4.4.2 Interdialytic BP profile

The predominant pattern of BP behavior observed in HD patients is a
progressive increase in BP during the interdialytic period and absence of
nocturnal fall in BP (Table 2).
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Table 2. Summary of studies reporting the profile of interdialytic blood pressure in
hemodialysis patients.

Author Number Interdialytic Casual Dipping Rapid
of BP BP BP predialytic
patients correlated BP
with increase
ABP
Kooman et al. 1992 22 D1=D2 post-dialysis 1, D1=D2 +
Luik et al. 1994, 20 D3>D2 (NT) nr —, D1=D2 nr
D3=D2 (HT) NT=HT

Rodby et al. 1994 33 D1=D2 none — nr

Chazot et al. 1995 40 NBP2>NBP1 nr |, NBP2>NBP1 nr

Huisman et al. 1995 12 D3>D2>Dl1 none l -

Lingens et al. 1995 18 DBP1=DBP2 none nr +

NBP2>NBP1
Coomer et al. 1997 36 D2>D1 none l nr
Savage et al. 1997 27 D2>D1 or nr nr nr
D1=D2

Ventura et al. 1997 167 D2>D1 nr nr nr

Mitra et al. 1999 40 D2>Dl1 post-dialysis |, NBP2>NBP1 +

Sorof et al. 1999 12 D2>D1 none l nr

Santos et al. 2003 71 D2>D1 none 1, D1=D2 nr

ABP = ambulatory blood pressure, D1-3 = BP in monitoring days 1-3, DBP = daytime
blood pressure, NBP = nighttime blood pressure, NT = normotensive, HT =
hypertensive, nr = not reported, | = dipping status worsened, —=dipping status stable.

In some studies, however, BP has not been seen to increase during the
interdialytic period (Kooman et al. 1992, Rodby et al. 1994) or increases only in
some patients (Luik et al. 1994a, Luik et al. 1994b, Savage et al. 1997). Some
authors have observed only a nocturnal increase in BP during the interdialytic
period (Chazot et al. 1995, Lingens et al. 1995). In most studies, casual BP
correlates weakly with the mean ABP (Rodby et al. 1994, Huisman et al. 1995,
Lingens et al. 1995, Coomer et al. 1997, Sorof et al. 1999, Santos et al. 2003),
but post-dialysis BP may predict the average interdialytic BP (Kooman et al.
1992, Mitra et al. 1999). In some cases, a rapid predialytic increase in BP was
observed (Kooman et al. 1992, Lingens et al. 1995, Mitra et al. 1999).
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1.4.4.2.1 Nocturnal changes in BP

Non-dippers are defined as those subjects whose mean sleeping BP does not fall
by 10 % or rise during sleep. The normal decrease in BP during the night is
blunted in 74-82 % of patients with advanced renal disease or undergoing
dialysis treatment (Luik et al. 1994b, Goldsmith et al. 1997, McGregor et al.
1999, Peixoto et al. 2002). Farmer and colleagues (1997) have found a clear
association between the number of non-dippers and the degree of renal function
impairment. In their study in 380 patients, the difference in prevalence of
nocturnal dipping reached statistical significance once plasma creatinine rose
above 400 umol/l. Non-dipping is independent of the underlying renal disease
(Baumgart et al. 1991).

Studies of the effect of volume expansion on the diurnal variation in BP in
HD patients have yielded contradictory results. In a study by a group under
Narita (2001), the decreased nocturnal BP fall seen in 76 % of non-diabetic HD
patients was associated with increased ECV even in those without overt
overhydration. Likewise Sorof and associates (1999) report similar results in
children receiving HD. In turn, many other results argue against the role of
increased ECV in the pathogenesis of non-dipping (Luik et al. 1994a, Luik et al.
1994b, Chazot et al. 1995, Katzarski et al. 1999b, McGregor et al. 1999, Fagugli
et al. 2001). Fagugli and group (2001) reported normalization of BP and
reduction in ECV in 12 patients on short daily HD, but observed no difference in
night-day ratio in SBP. Normotension achieved either by long and slow HD does
not seem to protect against the loss of nocturnal dip in BP. In spite of the much
smaller expansion in ECV in comparison with patients on conventional HD
(Katzarski et al. 1999b), 50-75 % of patients on long dialyses are non-dippers
(Chazot et al. 1995, McGregor et al. 1999).

Another etiological factor may be sleep apnoea. This disorder occurs in at
least 60 % of ESRD patients and is associated with lack of fall in nocturnal BP
(Kraus et al. 1997). In a study by Zoccali and colleagues (1998), nocturnal
hypoxemia in HD patients was associated with altered BP profile independently
of arterial pressure. Sleep apnoea is not improved by conventional modes of
dialysis, but is corrected by nocturnal HD (Hanly et al. 2001). Unfortunately, no
data are available concerning the impact of nocturnal HD on the diurnal variation
in BP.

The lack of fall in nocturnal BP in HD patients could be also related to an
increased sympathetic nervous system activity (Converse et al. 1992b, Nielsen et
al. 1995, Liu et al. 2003).

1.4.4.2.2 Daytime variation in BP

There are also diurnal variations in BP in HD patients other than the nocturnal
change. A rapid increase in BP has been recorded just before the HD session
(Kooman et al. 1992, Lingens et al. 1995, Mitra et al. 1999). The last mentioned
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authors suggest the white-coat phenomenon as an explanation. They observed
the white-coat effect in almost 40 % of arrival pressure. This effect may also be
more common in renal patients than in general hypertensive population
(Rosansky et al. 1995). In a study by Huisman and colleagues (1995), BP did not
increase sharply in the hours before dialysis, but in seven of the 12 patient
studied it continuously declined up to 5-6 h after dialysis. Agarwal (1999) later
confirmed the result. Controversies exist related to changes in BP during the
interdialytic days. In some studies, daytime BP has not differed between the 1st
and the 2nd interdialytic day (Kooman et al. 1992, Rodby et al. 1994, Lingens et
al. 1995). Contrary to these reports, a pattern of progressive rise in BP during the
interdialytic period has been observed in other studies (Huisman et al. 1995,
Sorof et al. 1999, Santos et al. 2003). Agarwal (1999) reported that the initial
decrease in BP during the first interdialytic day was compensated next morning
by an increase to the predialysis levels. Figure 1 presents some typical SBP
profiles in HD patients.

1

SBP 4
rapid increase ) )
before dialysis paradoxical rise

slow
\ \ normal increase
/)'

hypotension

| interdialysis day | | HD | | Ist interdialysis day | |2nd interdialysis day|

o

Time

Figure 1. Various systolic blood pressure profiles during hemodialysis and the
interdialytic period. HD = hemodialysis, SBP = systolic blood pressure.

1.4.4.3 Left ventricular hypertrophy

In studies using echocardiography the frequency of LVH is reported to range
from 60 to 75 %. Several cross-sectional studies have shown that BP elevation in
HD patients is a clear risk factor for LVH (Erturk et al. 1996, Zoccali et al. 1998,
McGregor et al. 1999, Cannella et al. 2000, Fagugli et al. 2003b). In the studies
in question, the association between ABP data and LVH was stronger than
between casual BP and LVH. On the other hand, in a study by Zoccali et al.
(1999) pre-dialysis BP was at least as strong predictor of left ventricular mass
(LVM) as 24-h AMBP. Non-dipper status has also been associated with LVH in
HD patients (McGregor et al. 1999, Liu et al. 2003).

Blunted diurnal BP variation leads to an increased BP load and predisposes to
the development of LVH. In an elegant prospective study by Covic and
associates (2000), the effect of abnormal diurnal BP variability on
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echocardiographically derived serial measurements of the LV was examined in
60 stable chronic HD patients over a 12-month period. Those patients with
reduced diurnal BP variability developed a dilated LV.

A close relationship exists between LVH and impaired LV diastolic
relaxation. The patients most susceptible to HD hypotension are characterized by
both LVH and diastolic dysfunction (Raine 1996).

1.4.5 Intradialytic hypertension

In some hypertensive HD patients, BP rises further during UF. This paradoxical
rise is explained by the fact that the kidneys react to volume contraction by
activating the renin-angiotensin system and further increase the SVR (Charra et
al. 2003). Other mechanisms have also been suggested: activation of
norepinephrine, increased sympathetic activity, hypercalcemia increasing
vasoconstriction, brain ischemia secondary to hypovolemia, increased CO,
erythropoietin and intradialytic removal of antihypertensive medications (Fellner
1993, Lewin 1993, Gunal et al. 2002).

Agarwal and colleagues (2001a) demonstrated that the renin-angiotensin
system is activated in these patients and thrice-weekly lisinopril effectively
reduces BP. The role of the renin-angiotensin system in the genesis of
intradialytc hypertension is however questioned in a study by Cirit and associates
(1995). They assessed seven volume-overloaded HD patients with paradoxical
hypertension. These patients were not responsive to antihypertensive drugs,
including ACE-inhibitors. Intensified more frequent UF led to the disappearance
of the paradoxical BP rise and antihypertensives were withdrawn in all cases.
These observations stress the importance of volume control on paradoxical
hypertension in HD patients. However, one recent study suggests that the
physiological changes in intradialytic hypertension patients are characterized by
an inappropriately increase in SVR due to elevation of endothelin-1 and a
decrease in NO (Chou et al. 2006).

1.4.6 Sodium and dialysis regimen in the treatment of
hypertension

The mainstay in the treatment of hypertension in HD patients is to normalize
ECV and maintain dry weight through control of fluid, salt intake and UF.
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1.4.6.1 Sodium restriction

The clinical relation between salt, ECV and BP in patients with renal failure is
manifest. Increasing salt loading from 0.5 g per day to 10 g per day causes an
increase in ECV of approximately 1.5 liter and on the other hand, a 1.0 liter
reduction in ECV reduces mean arterial pressure (MAP) by 10 mmHg
(Cianciaruso et al. 1996). Kempner (1949) first reported the benefit of a reduced
dietary salt intake (250-300 mg per day) in controlling hypertension in patients
with CRF.

In the Tassin unit BP is controlled in 95 % of the patients without medication
using a long 8-hour, thrice-weekly dialysis schedule with a mean salt intake of 5
g per day and a dialysate sodium of 138 mmol/l (Laurent et al. 1998, Charra
2007). It is obvious that the results obtained in Tassin cannot be reproduced
without salt restriction. The overall survival is better in the Tassin unit than in a
conventional HD unit (Innes et al. 1999). In addition, two other groups have
obtained normal BP without medication by means of long HD and reduced salt
intake (Goldsmith et al. 1996, Ozkahya et al. 1998). However, it is also possible
to lower BP and reduce or even discontinue antihypertensive medication without
prolongation of dialysis time (Krautzig et al. 1998). These last-mentioned
authors reported a decrease in pre-dialysis SBP and DBP in eight patients when
dialysate sodium was reduced from 140 to 135 mmol and dietary salt intake was
restricted to 6 g per day.

Conventional relatively short dialysis (three times weekly for at least 4 hours)
can also achieve normal BP, while salt intake is restricted to less than 6 g per day
without contemporaneous change in dialysate sodium concentration (Ozkahya et
al. 1999). Lowering only the dialysate sodium concentration without extra
intervention to dietary salt restriction may not be sufficient to improve BP
control (Kooman et al. 2000).

The most important effect of a reduction in dialysate sodium concentration
and a salt-restricted diet is a reduction in thirst and interdialytic weight gain
(Fishbane et al. 2002, Kooman et al. 2003). An increase in interdialytic weight
gain in compliant patients with salt restriction should not be more than 1.5 kg.

1.4.6.2 Dialysis regimen

Frequent and prolonged HD has been uniformly shown to control hypertension
in ESRD patients more effectively than conventional HD. In comparison to this
latter, a daily schedule (six times a week for 2 h) results in better control of BP
(Buoncristiani et al. 1988, Mastrangelo et al. 1998, Traeger et al. 1998, Woods et
al. 1999, Kooistra 2003). BP decreases mainly in hypertensive patients and in
those undergoing treatment with antihypertensive medications (Woods et al.
1999, Kooistra 2003). Fagugli and coworkers (2001) conducted a randomized
two-period crossover study to compare the effect of short daily HD versus
standard thrice-weekly dialysis. A significant reduction in 24-hour BP during
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daily HD was observed. In a study by Maduell and group (2003) patients were
changed from conventional three times a week on-line hemodiafiltration to short
daily on-line hemodiafiltration. A reduction in both SBP and DBP was observed
albeit without achieving statistical significance.

Thrice weekly long HD also results in excellent BP control in the majority of
patients without the need for antihypertensive drugs (Chazot et al. 1995, Laurent
et al. 1998, McGregor et al. 1999, Luik et al. 2001). McGregor and associates
(2001) conducted a randomized crossover trial to establish whether home HD
was associated with better BP control than standard HD. Pre- and postdialysis
systolic, ambulatory SBP and DBP were all higher with standard than with home
HD. Weight, ECV and neurohormones did not differ between these treatments.

Long-term nocturnal HD, which uses longer and more frequent sessions than
conventional HD, lowers clinic BP (Pierratos 1999, Williams et al. 1999). Chan
and associates (2003) studied 18 consecutive patients before and 1 and 2 months
after conversion from conventional HD to nocturnal (six 8-hour sessions per
week) HD. Nocturnal HD lowered 24-hour MAP, total SVR and plasma
norepinephrine. The Chan and group (2002) also studied the effects of nocturnal
HD in LVH. Reductions in BP with nocturnal HD were seen to be accompanied
by a regression of LVH. Conversion of patients from nocturnal HD to daily short
HD results in poorer BP control (Pierratos 1999).

1.5 Myocardial ischemia in hemodialysis patients

1.5.1 Epidemiology and risk factors

Patients on dialysis have a very high rate of CAD. Forty percent of the 1846
patients on HD enrolled in the Hemodialysis Study had CAD at study initiation
(Cheung et al. 2000). In the Wave II Dialysis Morbidity and Mortality Study of
the United States Renal Data system 32 % of 4024 patients starting dialysis had
history of CAD (Foley 2003). The prevalence of CAD ranges to 36 % in diabetic
patients on maintenance HD (Koch et al. 1997a) and to 88 % in diabetic
transplant candidates over the age of 45 (Manske et al. 1992, Wizemann 1996).

Several studies have documented an increasing prevalence of traditional
coronary risk factors in patients with chronic kidney disease and in ESRD
(Longenecker et al. 2002, Shlipak et al. 2002, Goicoechea et al. 2005). However,
in patients with ESRD, such factors account only partly for the very high CV
mortality rate (Cheung et al. 2000). Non-traditional risk factors such as
inflammation, hyperhomocysteinemia, hyperphosphatemia, sympathetic nervous
system overactivity and anemia are uremia-related factors, which increase in
prevalence as kidney function declines and may contribute to the excess risk of
CVD in CRF (Menon et al. 2005).
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To explain the accelerated atherosclerosis, cardiac remodelling and
hypertrophy and progression of renal disease Bongartz and coworkers (2005)
have recently proposed the renin-angiotensin system, the balance between NO
and reactive oxygen species, inflammation and the sympathetic nervous system
as actual links in combined heart and renal failure.

1.5.2 Effects of hemodialysis on myocardial ischemia

Myocardial ischemia is caused by a limitation of coronary flow reserve generally
induced by significant coronary artery stenosis. However, in 27 % of HD
patients ischemic symptoms are attributable to non-atherosclerotic disease
(Rostand et al. 1984). Many non-traditional risk factors for CAD in HD patients
may play a role in the development of coronary ischemia without significant
coronary artery stenosis. In the setting of endothelial dysfunction, increased
vessel calcium content and hypercoagulation, normal hemodynamic
autoregulation to preserve flow in the coronary bed may not occur (Schreiber
2001). Patients with end-stage diabetic nephropathy have been observed to have
a reduced coronary flow reserve despite angiographically normal coronary
arteries (Ragosta et al. 2004).

Hypovolemia during the HD session reduces cardiac filling, SV and CO.
Most ESRD patients have LV diastolic dysfunction, when even a mild reduction
in filling may result in a marked reduction in CO and BP and augment the risk of
myocardial ischemia (Wizemann 1996). Myocardial ischemia can on the other
hand aggravate LV diastolic dysfunction (Cohen-Solal 1998). Further,
hypovolemia activates the sympathetic system, which induces vasoconstriction
and an increase in myocardial contractility and HR (Santoro et al. 1998).
Tachycardia leads to shortening of the diastolic period and perfusion time,
predisposing to myocardial ischemia.

Hypervolemia is also clearly the most important factor in the pathogenesis of
hypertension in HD patients. This is associated with increased workload and
oxygen demand on the LV and is therefore likely to aggravate myocardial
ischemia during the HD session. Correction of hypervolemia by UF increases the
ejection fraction and diminishes ST-segment changes (Wizemann 1996).

The prevalence of LVH is very high, up to 70 %, among dialysis patients and
predisposes to the nonatherosclerotic ischemic heart disease (London et al.
2001). Interstitial fibrosis is a prominent finding in uremic heart disease,
contributes to the development of LVH, and in very advanced stages may restrict
diffusion of oxygen (Amann et al. 1994a, London 2003). Small-vessel smooth-
muscle hypertrophy and endothelial abnormalities described in LVH would
further predispose to ischemia (Amann et al. 1997, Parfrey 1999). LVH also
results in increased perfusion requirements, predisposing to myocardial ischemia
during the HD session (Jaradat et al. 2002).

A decrease of 1.3-2 kPa in arterial oxygen tension has been noted in patients
undergoing HD. This fall may not be tolerated by HD patients having CVD, and
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oxygen therapy may be required (Cardoso et al. 1988, DE Broe et al. 1988, Yap
et al. 1998). It is also worth of noting that the prevalence of sleep apnoea
syndrome ranges from 50-70 % in HD patients and was found to be associated
with severe CAD in a recent study (Jung et al. 2005).

1.5.3 Effects of hemodialysis on ECG and vectorcardiogram

Most patients on chronic HD treatment exhibit abnormal ECG (Diskin et al.
1981, Abe et al. 1996). HD itself seems to induce changes on both the standard
ECG (Diskin et al. 1981, Ono et al. 1983, Wizemann et al. 1983, Shapira et al.
1992, Madias et al. 2003a) and the vectorcardiogram (Tarjan et al. 1975,
Ishikawa et al. 1979, Vitolo et al. 1987). The most frequent changes during HD
treatment are a decrease, flattening or inversion in T wave in 30-50 % of
patients, an increase in QRS amplitude (R wave) in 60-75 % of patients and
changes in the QTc time in 55-60 % (Diskin et al. 1981, Ono et al. 1983, Shapira
et al. 1992). Asymptomatic ST-segment changes suggesting myocardial ischemia
are also present in 22-45 % of patients (Diskin et al. 1981, Shapira et al. 1992,
Abe et al. 1996). Dialysis may also cause changes in P wave duration (Shapira et
al. 1992, Szabo et al. 2002).

In many studies, the major change observed in standard ECG induced by HD
is an increase in QRS amplitude (Diskin et al. 1981, Ono et al. 1983, Wizemann
et al. 1983, Fuenmayor et al. 1993, Madias et al. 2003a). Ishikawa and
colleagues (1979) have reported that the amplitude of the R waves in the
vectorcardiographic leads X,Y, and Z, the sum of the R wave amplitudes of the
three leads and the magnitudes of the maximal QRS vector in the three planes
were all significantly augmented after dialysis. Vitolo and associates (1987) also
observed that all vectorcardiographic measurements except maximal vector on
the horizontal plane showed a statistically significant increase during HD. An
increase in QRS amplitude after HD has also been observed on body surface
maps (Kinoshita et al. 1993).

Daniel Brody investigated the effect of intracardiac blood mass on the ECG
(Brody 1956). The Brody effect is based on the inhomogenity of the tissues. The
resistivity of the intracardiac blood is about 1.6 Qm, that of the cardiac muscle
about 5.6 Qm and lungs about 10-20 Qm (Malmivuo et al. 1995, Madias et al.
2003a). The lungs thus behave as electrical insulators, whereas blood acts as a
conductor. During the initial phases of ventricular depolarization, the excitation
wave advances radially, whereas in the later phases tangential forces
predominate. The radial forces predominantly generate the surface potentials and
represent the most important determinant of QRS voltage. Since intracardial
blood augments these radial forces, the whole QRS complex, and especially its
initial phase, increases when the BV rises (Voukydis 1974).

According to Brody's conception, a decrease in intracardiac blood or heart
volume will lead to a decrease in the QRS potentials and on the other hand, an
enlarged heart is associated with increased surface potentials. Millard and
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coworkers (1978), who reduced the volume of the LV by venesection, noted the
decrease in QRS amplitude and reinforced Brody's theory. Reduction in heart
volume by intravenous diuresis (Vancheri et al. 1989), by reduction of the
venous return (Castini et al. 1996) or rapid sinus caroticus pacing (Daniels et al.
1984) has also been found to diminish QRS amplitude. There is also an
assumption that reduction in heart size will increase the distance between the
heart and the precordial ECG leads and thus lower QRS amplitude. In contrast to
Brody effect, decrease in LV dimensions during HD is associated with increase
in QRS amplitude. Changes in QRS amplitude during HD have proved to
correlate with changes in LV dimensions in one study (Vitolo et al. 1987) but not
in two others (Fuenmayor et al. 1993, Kinoshita et al. 1993).

Blood resistivity is in direct relation to hematocrit and thus changes in
hematocrit are expected to affect the transmission of cardiac forces, resulting in
changes in QRS voltage. Raising hematocrit in experimental animal studies
(Nelson et al. 1972, Hodgkin et al. 1977) and due to blood transfusion in anemic
patients (Rosenthal et al. 1971) decreases radial forces and QRS amplitude
according to the Brody effect. In any case, an inverse relation has been observed
in HD patients (Vitolo et al. 1987, Oreto et al. 1992, Kinoshita et al. 1993). Thus,
the Brody theory does not explain the increase in QRS amplitude during HD.

An increase in QRS amplitude during exercise tests has been reported to
indicate myocardial ischemia (Bonoris et al. 1978a, Bonoris et al. 1978b).
Myocardial ischemia may provoke an increase in end-diastolic volume of LV or
LV dyskinesia and QRS amplitude may be augmented due the Brody effect
(Brody 1956). However, groups under Battler (1979) and Ohlmeier (1983) found
no evidence of the existence of the Brody effect in humans during exercise. The
most significant increase in QRS amplitude over leads V5 and V6 during HD
would favour myocardial ischemia as a causative factor (Diskin et al. 1981, Ono
et al. 1983). Diskin's group (1981) reported that 45 % of their patients on HD
developed depression of the ST-segment and 75 % an increase in QRS
amplitude. The authors concluded that the increase in QRS amplitude is
associated with myocardial ischemia based on the considerable proportion of
patients having CAD in their population. In contrast, in another study the relative
constancy of the precordial leads during HD in comparison with limb and
augmented limb leads would argue against ischemia as a cause of increased QRS
complex (Dudley et al. 1990). Further, in many other studies QRS amplitude
variations during HD have not been attributed to myocardial ischemia
(Wizemann et al. 1983, Fuenmayor et al. 1993, Kinoshita et al. 1993, Madias et
al. 2003a).

A positive correlation has been reported between an increase in QRS
amplitude and weight loss or UF volume during HD (Ono et al. 1983, Vitolo et
al. 1987, Kinoshita et al. 1993). In turn, no such correlation has been found in
some other reports (Diskin et al. 1981, Fuenmayor et al. 1993). In one study, the
correlation of the sums of the QRS amplitude changes of all ECG leads and
weight loss was moderate, but there was no correlation with the net volume
removed (Madias et al. 2003a). One reason for these discrepancies may be the
sensitivity of QRS amplitude to changes in body weight or volume removed. In
those studies in which the weight change correlated positively with an increase
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in QRS amplitude the mean weight decrease during HD was 2.2 kg, while in
studies with no correlation, the mean decrease in weight was only 1.2 kg.

An augmentation of the QRS complex in patients with congestive heart
failure responding to diuretic induced diuresis has recently been documented
(Madias 2005). Conversely, an association of marked reduction in the amplitude
of the QRS complex with progressive weight gain due to development of
peripheral edema has also been reported (Madias et al. 2001, Madias et al.
2003c, Madias et al. 2003b). The mechanism underlying the QRS changes in
these contexts is associated with changes in the water content of the tissues.
Increased water content in the tissues reduces resistance (R) to conduction,
which in the presence of stable current (I) according the Ohm's law (U = R*I)
leads to low potentials (U) and QRS amplitudes (Rudy et al. 1979). Indeed
Madias and coworkers (2003c) have reported a good cross-correlation of
weights, QRS amplitudes and the electrical properties
(resistance/reactance/impedance) of the body during the course of treatment for
heart failure. In addition, they found statistically significant correlations between
weight loss and net fluid removed and the change in the QRS complex in the
course of 26 HD sessions in one patient (Madias et al. 2003a). However, further
studies with a large number of patients are needed to clarify the relationship
between the electrical properties of tissues and QRS amplitude in HD patients.

1.5.4 Diagnosis of myocardial ischemia

1.5.4.1 Clinical symptoms

Advanced CAD may be found in HD patients with minimal or no symptoms.
Schmidt and associates (2001) have reported a low sensitivity (65 %) and
specificity (66 %) of angina pectoris in 42 patients undergoing chronic HD and
42 patients after renal transplantation. Studies of patients on HD indicate that
asymptomatic ischemia is most prevalent in those with diabetes mellitus (Joki et
al. 1997, Koch et al. 1997a, Koch et al. 1997b). Such discrepancy between
coronary angiographic findings and symptoms may be due to autonomic
neuropathy (Jassal et al. 1998). CAD should also be suspected in dialysis
patients with dialysis hypotension, heart failure, exceptional dyspnea or
arrhythmias (Goldsmith et al. 2001). Conversely, many patients on HD may have
angina symptoms with no CAD. The reason for this is that the heart with open
coronary arteries in renal failure is more susceptible to ischemic injury as a result
of impaired microvascular adaptation, impaired metabolic adaptation and
inappropriately high sympathetic activity (Amann et al. 2003).
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1.5.4.2 Troponins

Cardiac troponin T and I are the most sensitive and specific laboratory markers
of myocardial cell injury and have replaced creatine kinase MB as the gold
standard (Jaffe et al. 2000, Hamm et al. 2002). The appropriate use of these
enzymes is less clear in patients with ESRD, since in their case elevations of
troponin T, and to a less extent also troponin I, are frequently found without
clinical evidence of myocardial disease (Li et al. 1996, McLaurin et al. 1997,
Apple et al. 2002). Several possible causes have been presented for the
difference in the increase in troponin T compared with troponin I. Impaired renal
clearance of troponin T fragments may explain elevated troponin T levels in
ESRD patients (Diris et al. 2004). In addition, a higher relative concentration of
myocardial troponin T and /or an easier release from the myocardium might
explain the difference (Chapelle et al. 2002, Peetz et al. 2003). High serum
troponin T levels may also be caused by leakage from hypertrophic
cardiomyocytes in LVH (Mallamaci et al. 2002).

There are limited data available in the HD population relating cardiac
troponin status and angiography findings. In a prospective study enrolling 224
HD patients coronary angiography was undertaken for 65 to determine the
prevalence and severity of CAD according to troponin T concentration
(DeFilippi et al. 2003). Elevated levels of troponin T were strongly associated
with diffuse CAD. Elevated concentrations of cardiac troponins are also
associated with severe coronary artery calcification in asymptomatic HD patients
(Jung et al. 2004).

A number of observational studies have also found especially the troponin T
level to be strongly associated with a risk of incident CV events in HD patients
(Ooi et al. 2001, Apple et al. 2002, Mallamaci et al. 2002, Khan et al. 2005). In a
study by Apple and associates (2002) elevated versus normal troponin T defined
by any cut-off concentration was associated with a 2- to 5-fold increase in all-
cause mortality. Surprisingly, no differences in the relative risk of mortality were
found between patients with or without a known history of CAD or diabetes.

In the absence of an acute coronary event, elevated pre-dialysis troponin T
levels are relatively consistent. A small increase over time is common and may
reflect progression of CAD or LVH (Mallamaci et al. 2002, Conway et al. 2005).
Levels more than double from the baseline may indicate acute coronary
syndrome. To distinguish between troponin elevations due to chronic conditions
or acute coronary syndrome, serial measurement of troponin concentrations in
ESRD patients is proposed to obtain a baseline value for comparison (Hamm et
al. 2002, Conway et al. 2005).

1.5.4.3 Electrocardiography

ECG alterations are frequently observed in patients on HD and the resting ECG
may not be useful as a screening test for CAD in these patients (Schmidt et al.
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2001). A group under Abe (1996) reported that 65 % outpatients receiving HD
evinced abnormalities in resting ECG: changes in PQ and QRS intervals, QRS-
amplitude and non-specific changes in ST-segment and T-waves. In addition,
repolarization abnormalities caused by LVH may mask ischemic changes in
ECG. There is also the impact of HD therapy on ECG (Severi et al. 2003). ST-
segment depression on the ECG at rest did not distinguish patients with or
without CAD in diabetics on HD treatment (Koch et al. 1997a). In this latter
study, one third of patients without angiographic evidence of CAD had non-
specific ECG changes. The sensitivity of ST-segment depression at resting ECG
was 52 %. In any case, in a recent study by Sharma and colleagues (2005) a
significantly higher proportion of patients with severe CAD in coronary
angiography had an abnormal baseline ECG (p = 0.001) when compared to those
showing no CAD seen in angiography. Further, in a study by a group under
Nakamura (2000) the incidence of CAD was significantly greater in HD patients
who showed a depression of the ST-segment in repeated ECG recordings during
the HD session than in a negative-ST group. Event-free survival was also poorer
in the positive-ST group. ST-segment depression tends to occur predominantly at
the end of a dialysis (Nakamura et al. 2000).

1.5.4.4 Holter monitoring

From 15 to 60 % of patients on HD treatment display transient and mostly
asymptomatic ST-segment depression on Holter monitoring (Kremastinos et al.
1992, Abe et al. 1996, Conlon et al. 1998, Severi et al. 2003). Holter readings in
HD patients cannot always be accepted as evidence of myocardial ischemia,
since in some studies the presence or absence of deviation in ST-segment
depression did not predict the presence or absence of CAD (Kremastinos et al.
1992, Singh et al. 1994, Conlon et al. 1998). Moreover, Severi and associates
(2003) have reported an influence of HD on ECG. Further, in many studies ST
changes are mostly found during and immediately after dialysis (Zuber et al.
1989, Kremastinos et al. 1992, Narula et al. 2000) and may result from
electrolyte shifts.

There are also factors favouring the conception that ST-segment changes in
HD patients are due to CAD. Firstly, CAD is very prevalent in patients with
ESRD, and recent studies have shown an excellent correlation between ST
depression recorded during Holter monitoring and other simultaneous objective
evidence of ischemia in the general population. Secondly, HD patients with CAD
have two separate ischemic peaks in monitoring, the first during early morning
and the second in the late afternoon contemporary with the time of dialysis (Cice
et al. 2003). Thirdly, the use of high-dose diltiazem proved able to reduce both
ischemic peaks in HD patients with CAD (Cice et al. 2003). Fourthly, chest
discomfort, a diagnosis of angina pectoris or a previous myocardial infarction
have been observed to be more prevalent in patients showing ST-segment
changes (Abe et al. 1996, Narula et al. 2000). Fifthly, in some studies ST
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depression is mostly unrelated to HD timing (Abe et al. 1996, Conlon et al. 1998,
Conlon et al. 2000).

Further studies including coronary angiography in a larger number of patients
are needed to clarify whether ST changes during HD reflects occult coronary
disease, or electrocardiographic responses to major transcellular shifts in
potassium, calcium or magnesium (Goldsmith et al. 2001).

Table 3. Summary of studies reporting ST-segment findings on Holter monitoring in
hemodialysis patients.

Author Number Angina Angina Number Number
of symptoms symptom  of patients  of patients
patients  before the study during with ST with ST
(%) Holter changes changes
(%) (%) during HD
(%)
Zuber et al. 1989 32 nr 4 (13) 8 (25) 8 (25)
Kremastinos et al.1992 45 12 (27) 17 (38) 7 (16) 7 (16)
Abe et al. 1996 72 11 (15) nr 43 (60) 11 (26)
Conlon et al. 1998 67 25 (37) 0 16 (23) 1(1)
Conlon et al. 2000 31 nr nr 10 (32) 1(3)
Narula et al. 2002 38 6 (16) 0 17 (45) 13 (34)

nr = not reported.

1.5.4.5 Exercise ECG testing

Exercise ECG testing has evolved into a modality of considerable importance in
the evaluation of patients with known or suspected CAD. However, this
approach is not generally recommended for HD patients by reason of the
markedly reduced exercise capacity of most such subjects, the high prevalence of
non-specific changes due to LVH and frequent abnormalities in the rest ECG.
While Schmidt and colleagues (2001) performed exercise stress ECG in 79
patients undergoing chronic HD or after renal transplantation, only 18 of them
were able to reach a sufficient exercise level. In two other studies, patients with
diabetes were evaluated prior to renal transplantation to determine the risk of CV
complications. Only 6/80 (7.5 %) and 12/60 (12 %) of these patients achieved an
adequate rise in HR (Morrow et al. 1983, Philipson et al. 1986). The overall
sensitivity of the stress ECG to detect coronary artery stenosis >70 % was only
30-35 % in two recent studies among renal transplant candidates (Schmidt et al.
2001, Sharma et al. 2005).
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1.5.4.6 Echocardiography

It is recommended that all ESRD patients be evaluated for LV systolic function
and valvular disease after HD initiation (Herzog 2003). The most cost-effective
test is echocardiography. If the echocardiograph confirms a wall motion
abnormality in a distribution consistent with usual coronary artery flow, exercise
echocardiography may not be required for the diagnosis of CAD (Sorrell 2001).
A normal resting echocardiogram result without a finding of regional wall
motion disturbance does not exclude CAD in the uremic population.

Dobutamine stress echocardiography offers a non-exercise method of
detecting ischemia. It is independent of exercise capabilities and has been
suggested as the screening tool of choice (Logar et al. 2003). The timing of
dobutamine stress echocardiography in respect of the HD session has not been
studied. The usefulness of this technique in detecting CAD has been studied in
renal transplant canditates (Reis et al. 1995, Herzog et al. 1999, Sharma et al.
2005). In these studies dobutamine stress echocardiography was compared with
coronary angiography and a sensitivity of 75-95 % and a specificity of 71-94 %
of dobutamine stress echocardiography for CAD diagnosis was reported.

1.5.4.7 Dynamic vectorcardiography

Approximately 75 % of all ischemic episodes in stable or unstable CAD are
silent (Deedwania et al. 1991). Even using repeated ECGs in conjunction with
chest pain, most episodes of ischemia will be overlooked. Therefore, a variety of
technologies for continuous monitoring of the ST-segment, for example dVCG,
have been introduced (Lindahl 1999).

1.5.4.7.1 Method

Vectorcardiography (VCG) is based on eight electrodes recording a three-lead
ECG (X, Y and Z) where each lead is a summation of electrical forces at 90 deg
angles with two, i.e. an orthoglonal system (Dellborg 2001). Ernest Frank
presented the lead system for VCG registrations used today in 1956 (Frank
1956). Five years later the superiority of VCG compared with conventional ECG
for the diagnosis of acute myocardial infarction was reported (Wolff et al. 1961).
Hodges presented the non-on-line VCG registration in 1974 (Hodges et al. 1974)
and on-line dynamic vectorcardiographic registration (dVCG) was adopted for
clinical use in 1986. The monitoring system consists of a microprocessor-
controlled data acquisition module, a computer, a monitor and a laser printer.
ECG signals are continuously collected from eight conventional body surface
electrodes applied to the patient's chest according to the Frank lead system
(Dellborg et al. 1990, Lundin et al. 1992).
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1.5.4.7.2 Variables

For clinical use three variables, QRS vector difference (QRS-VD), ST vector
magnitude (ST-VM) and ST change vector magnitude (STC-VM), shown in
Figure 2 are collected, compared with the reference complex, measured and
presented on trends. Trend curves showing ischemia parameters are updated
during a pre-chosen period of 10-240 s. QRS-VD reflects changes in the shape of
the QRS complex. ST-VM displays the actual deflection of the ST-segment from
the isoelectric baseline, no matter whether it is an elevation or depression. ST-
VM is measured 20 ms and 60 ms after the termination of the QRS complex (J-
point). STC-VM constitutes the length of the difference vector between the
initial and the current vector (Lundin et al. 1992, Norgaard et al. 2000). By
calculating ST and QRS changes, ischemia is monitored in the entire heart.
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Figure 2. Vectorcardiographic variables QRS-VD, ST-VM and STC-VM used in dVCG
monitoring. Obtained from Lundin et al. 1997. Reprinted with permission of S Karger
AG, Basel.

A QRS-VD ischemic episode is defined as a transient change >15 puVs from
the patient baseline (Lundin et al. 1992, Norgaard et al. 2000). A QRS-VD end
value of > 15 uVs is regarded as indicative of acute myocardial infarction. An
ischemic episode is defined as an ST-VM and/or STC-VM increase >50 puV
>1min from patient baseline and over three ST-VM/STC-VM episodes during a
24 hour registration identifies high-risk patients (Jensen et al. 1994, Andersen et
al. 1996, Jensen et al. 2002). STC-VM has been found to be the most sensitive
parameter for monitoring ischemia (Jensen et al. 2000). Using coronary

48



angioplasty as the model of myocardial ischemia it has been demonstrated that
both ST-VM and STC-VM give a reasonable estimation of myocardial ischemia,
but ST-VM gives no information additional to STC-VM (Jensen et al. 1994,
Jensen et al. 2000). Lundin and colleagues (1998) investigated the ability of
dVCG monitoring to detect myocardial ischemia after an episode of unstable
CAD. In their trial the sensitivity, specificity and total accuracy in identifying
patients with a positive dobutamine stress test by VCG were: 38 %, 91 % and 63
% for QRS-VD; 59 %, 88 % and 73 % for ST-VM; 84 %, 79 % and 82 % for
STC-VM. In addition, STC-VM changes and a positive dobutamine stress
echocardiograph predicted 3-vessel disease equally well as determined by
coronary angiography.

1.5.4.7.3 Clinical implications

The reliability of dVCG in the detection of myocardial ischemia in the ESRD
population has not been studied hitherto. However, in the general population
dVCG is known to be more sensitive than conventional ECG in the detection of
myocardial ischemia during coronary angioplasty (Jensen et al. 1994), after an
episode of unstable CAD (Lundin et al. 1998) and after coronary surgery (Dahlin
et al. 2001). There are at least two reasons for the superiority of the technique.
Firstly, ischemic changes from the posterior area are better presented in dVCG
than in standard ECG due to different positioning of the leads (Hurd et al. 1981).
Secondly, ischemia sometimes causes only directional ST vector changes
(Jensen et al. 1994) and in contrast to dVCG standard ECG does not bring out
these changes. However, when patients in whom transient ischemic episodes had
been detected by continuous standard ECG and dVCG were compared, the
groups were similar in terms of signs of myocardial damage, occurrence of
exercise-induced ischemia and presence of severe coronary lesions (Jernberg et
al. 2001). dVCG is also a valuable tool for diagnosing and monitoring patients
with suspected CAD and bundle branch block (Eriksson et al. 1997).

The method helps in early detection of myocardial ischemia and in
differentiating between extra-cardiac chest pain and acute coronary disease
(Lundin et al. 1992, Gustafsson et al. 1996, Gustafsson et al. 2000). It also
differentiates patients with unstable angina from those with myocardial
infarction. In a study by a group under Gustafsson (1996) dVCG was compared
with resting 12-lead ECG on admission in patients admitted to hospital because
of suspicion of acute myocardial infarction. Compared with ECG on admission,
the dVCG recording after 6 h showed a significantly greater sensitivity: 86 %
compared with 62 %. dVCG was especially useful in patients with non-
diagnostic ECG on admission. In another study in patients with chest pain and
suspected acute myocardial infarction, but without ST elevation on resting 12-
lead ECG, 2 h dVCG had 44 % sensitivity and 90 % specificity in detecting
acute myocardial infarction (Gustafsson et al. 2000). If dVCG was positive on
admission, the sensitivity was 100 % for the detection of acute myocardial
infarction.
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dVCG also provides important information for risk stratification in unstable
coronary syndromes (Andersen et al. 1996, Jernberg et al. 2002, Norgaard et al.
2004). Abrahamsson and associates (2001) compared the prognostic value of
several different vectorcadiographic parameters. In a one-year follow-up of a
total of 323 patients, ST-VM maximun >144 pV had a 78 % specificity and a 52
% sensitivity to predict death or myocardial infarction. In a meta-analysis of
three studies involving almost 1000 patients Akkerhuis and colleagues (2001)
evaluated the risk of unfavourable outcome in patients with unstable angina and
recurrent ischemia detected by continuous ECG. Ischemic episodes were
detected in 27 % of patients. The authors concluded that the relative risk of death
or myocardial infarction at 5 and 30 days increased by 25 % for each additional
ischemic episode per 24 h.

Even very small variations in ST-segment shift during the first hours of ST-
elevation myocardial infarction provide prognostic information for cardiac
events from 1 month up to 5 years (Lundin et al. 1994, Johanson et al. 2001,
Jensen et al. 2003). The maximum ST-VM during 24 h monitoring seems to
predict myocardial infarction and death within one year better than the number
of ST-VM and STC-VM episodes (Abrahamsson et al. 1999). However, Lundin
and colleagues (2000) found that the maximum value of ST-VM and STC-VM
and number of episodes of these parameters yielded prognostic information. The
occurrence of at least one STC-VM episode during the first 24 hours of dVCG
seems to predict CV death or myocardial infarction better than ST depression on
admission ECG (Andersen et al. 1996). Johansson and colleagues (2003) studied
the prognostic value of ST-segment resolution in 752 patients after thrombolysis,
and 88 % of deaths in their trial were correctly predicted after one-hour
registration of dVCG.

1.5.4.7.4 Limitations

Different body positions cause major changes in QRS-VD but affect ST-VM and
STC-VM only to a minor degree (Dellborg et al. 1992, Jensen et al. 1997,
Gannedabhl et al. 1997a, Norgaard et al. 1999). Thus, QRS-VD cannot be used as
a single marker of ischemia.

Acute changes in fluid status and cardiac volumes have an effect on R wave
voltage. In a study by Vitolo and coworkers (1987) the effects of acute changes
in cardiac volumes on cardiac voltages were assessed in 18 chronically uremic
patients by means of a vectorcardiographic and scalar Frank leads recording,
immediately before, at the 90th and 180th minute, and immediately after HD.
During HD all voltages considered except R wave in the X lead increased
significantly. When the amount of fluid removed was restored at the end of HD,
these cardiac voltages decreased parallel to the increase in LV diameters.

Inter- and intraobserver variation for interpretation of dVCG trend curves
was low in a study by Lundin and associates (1997). However, the number of
dVCG episodes varied between observers especially in patients with low
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suspicion of ischemic heart disease. The interobserver difference regarding
estimation of STC-VM, ST-VM and ORS-VD episodes were 0.5, 0.6 and 1.1.

For the detection of myocardial ischemia, the standard ECG and derived
ECG have shown good agreement (Gannedahl et al. 1997b), but there is one
significant difference. The amplitudes in the precordial leads are lower in the
derived ECG than in the standard 12-lead ECG and may in some cases conceal
the presence of LVH (Drew et al. 1992, Gannedahl et al. 1997b).

1.5.4.8 Coronary angiography

Coronary angiography is the gold standard for the diagnosis of CAD.
Unfortunately, in ESRD patients many arteries are diffusely diseased and focal
lesions are often complex in shape, limiting the accuracy of this technique
(Sorrell 2001). Very high-risk ESRD patients should be considered for coronary
angiography even with a negative non-invasive test (Danovitch et al. 2002).
Subjects with cardiac symptoms (dyspnoea, angina, refractory heart failure,
hemodynamic instability during dialysis) or evidence of previous myocardial
infarction, unexplained LV dysfunction, diabetes of long duration and
asymptomatic patients having multiple (3 or more) risk factors for CAD are
defined as very high risk patients (Elsner 2001, Danovitch et al. 2002).
Asymptomatic patients with ESRD and diabetes mellitus require special
attention since approximately one-third to one-half of them has significant CAD
in angiography (Ramanathan et al. 2005).

In a recent register study by a group under Chertow (2004) 57 284 elderly
(age 65 to 89 yr) individuals with acute myocardial infarction from the
Cooperative Cardiovascular Project were classified by the presence or absence of
chronic kidney disease. Mortality was significantly higher among chronic kidney
disease cases (53 versus 26 %). Fewer patients with chronic kidney disease
underwent coronary angiography (25 versus 47 %) despite the observation that a
similar proportion of patients were defined as appropriate for angiography by
standard criteria. Thus, there may be a large relative decrease in utilization of
coronary angiography among patients with chronic kidney failure.

Repeated use of angiography is necessary in this patient group, since in a the
retrospective study of 26 patients Gradaus and colleagues (2001) reported that
during a follow up of 12-60 months 50 % of patients showed a relevant
progression of CAD.

1.5.4.9 Non-invasive methods versus coronary angiography

A summary of studies reporting the sensitivity and specificity of non-invasive
methods in comparison with coronary angiography for the diagnostics of CAD in
ESRD patients is presented in Table 4. It is quite difficult to compare reliably
different studies, since in some studies high-risk symptomatic patients with
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multiple risk factors are included while in others all patients have been
asymptomatic. In addition, the differences in age and the prevalence of diabetes
vary greatly in the different studies. Further, the number of patients in some
studies is quite small. Non-invasive screening tests for CAD in patients ESRD
seem to have limited value because of their low sensitivity. The diagnostic
accuracy of the new method combining dipyridamole-exercise thallium for
detecting CAD is promising in non-diabetics and in those without non-cardiac
exercise limitations (Dahan et al. 1998, Dahan et al. 2002).
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Table 4. The ability of non-invasive tests to predict coronary artery disease in
patients with end-stage renal disease.

Method
Author

Clinical symptoms
Joki et al. 1997

Koch et al. 1997,
Schmidt et al. 2001
Sharma et al. 2005
ECG

Joki et al. 1997

Koch et al. 1997,
Nakamura et al. 2000
Schmidt et al. 2001
Sharma et al. 2005
Holter

Kremastinos et al. 1992
Exercise ECG
Schmidt et al. 2001
Sharma et al. 2005
Echocardiography
Schmidt et al. 2001

Stress echocardiography

Reis et al. 1995

Herzog et al. 1999
Dahan et al. 2002

Sharma et al. 2005

Dipyridamole isotope
stress test

Boudreau et al. 1990
Marwick et al. 1990
Vandenberg et al. 1996
Dahan et al. 1998
Schmidt et al. 2001
Dahan et al. 2002

Number of
patients

24
105
84
125

24
105
61
84
125

45

18
125

71

30

50
44
125

80
45
47
60
55
44

Sensitivity
%

73
24
65
51

75
52
47
67
77

30
35

38

95

75
83

86
37
53
92
80
92

Specificity
%

46
82
66
59

63
70
100
52
58

76

100
64

92

86

71
84
94

79
73
73
89
37
91

Comments

HD 100 %, DM 63 %

HD 100 %, DM 100 %

KTP 50 %, HD 50 %, DM 51 %
EKTP 45 %, HD 55 %, DM 39 %

HD 100 %, DM 63 %

HD 100 %, DM 100 %

ST-segment depression in repeated ECG during HD
KTP 50 %, HD 50 %, DM 51 %

EKTP 45 %, HD 55 %, DM 39 %

ST-segment 1 or | during HD, DM?

Could be performed in only 18/84 (21 %)
EKTP 45 %, HD 55 %, DM 39 %

Dobutamine, HD 61 %, PD 39 %, Angiography in
30/97 for clinical indications

Dobutamine, EKTP, DM 78 %, HD 92 %
Dipyridamole-exercise, HD 100 %, DM 11 %
Dobutamine, EKTP 45 %, HD 55 %, DM 39 %

EKTP, DM 100 %

EKTP

EKTP, DM 100 %

Combined with exercise, HD 100 %, DM 14 %

Combined with exercise, HD 100 %, DM 11 %

HD = hemodialysis, PD = peritoneal dialysis, DM = diabetes mellitus, KTP =
undergone kidney transplantation, EKTP = on evaluation for kidney transplantation,
ECG = electrocardiography
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1.6 Diastolic dysfunction of the left ventricle in
hemodialysis patients

1.6.1 Definition

Diastolic dysfunction refers to abnormal mechanical properties of the LV and is
defined as an abnormality of distensibility, filling or relaxation of the LV during
diastole (Aurigemma et al. 2004). Due to impaired capacity of the LV to accept
blood left atrial pressure increases. Abnormalities in diastolic function can occur
in the presence or absence of a clinical syndrome of heart failure and with
normal or abnormal systolic function (Zile et al. 2002). Diastolic heart failure is
defined as a clinical syndrome characterized by the symptoms and signs of heart
failure, a preserved ejection fraction and abnormal diastolic function (Zile et al.
2002). However, it is a worth noting, that subtle abnormalities of systolic
function are observed in patients with "pure" diastolic dysfunction (Yip et al.
2002, Yu et al. 2002, Clements 2005, Vinereanu et al. 2005) and that nearly all
patients with symptomatic systolic dysfunction show evidence of diastolic
dysfunction (Hart et al. 2000). This indicates the common coexistence of systolic
and diastolic dysfunction in a spectrum of different severity in the
pathophysiological process of heart failure (Yu et al. 2002).

1.6.2 Epidemiology

In a cross-sectional survey of 2042 randomly selected residents of Olmstedt
County aged 45 years or older, 21 % of the population had mild, 7 % had
moderate and 6 % severe diastolic dysfunction (Redfield et al. 2003). The
prevalence of diastolic dysfunction increases with age, with an approximate
incidence of 15 % to 25 % in patients <60 years of age, 35 % to 40 % in those
between 60 and 70 years of age, and 50 % in patients >70 years of age (Luchi et
al. 1982, Wong et al. 1989, Lubien et al. 2002).

The high prevalence of diastolic dysfunction in patients older than 70 years is
associated with the high prevalence of hypertensive heart disease. The
prevalence of diastolic dysfunction is more common in patients with CVD,
diabetes or abnormal systolic function and is equally common in men and
women (Redfield et al. 2003).

Disturbed LV diastolic function has been reported as many as in 70 - 80 % of
patients on HD included in cross-sectional studies (Himelman et al. 1988, Foley
et al. 1999, London et al. 2001, Zoccali et al. 2001). It is prevalent in adults
(Johnstone et al. 1996, Schroeder et al. 1997, Wright et al. 2003) and children
(Goren et al. 1993, Mitsnefes et al. 2004) with mildly to moderately impaired
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renal function. Further, the prevalence of diastolic dysfunction increases with
deteriorating renal function (Stewart et al. 2005, Mark et al. 2006).

1.6.3 Risk factors

Age, diabetes mellitus, hypertension and LV mass are independent predictors of
diastolic dysfunction in patients with ESRD (Fathi et al. 2003). About 80 % of
dialysis patients have LVH and a strong correlation between LVH and diastolic
dysfunction has been observed in these patients (Fujimoto et al. 1994, Wizemann
et al. 1994). In one study, age was more likely to explain the fall in diastolic
function in patients with progressive renal disease than an increase in LVH
(Stewart et al. 2005). Diabetes, independently of LVH, is also related to diastolic
dysfunction in patients with CRF (Miyazato et al. 2005). Some uremia-related
factors such as parathyroid hormone may have an influence on the pathogenesis
of diastolic dysfunction in CRF (McMahon et al. 1996).

1.6.4 Pathophysiology

Diastolic dysfunction refers to abnormalities in the process of active relaxation
and passive elastic properties of the LV. The initial abnormality is a slowing of
myocardial relaxation and a reduction in the suction effect in early rapid filling
(Ommen et al. 2003). Thus, a relative shift of LV filling to the latter part of the
diastole takes place. Abnormalities in relaxation will result in an increase in left
atrial pressure during tachycardia (exercise) and acute presentation of pulmonary
edema (Lainchbury et al. 1999, Phillips et al. 2001). Diastolic dysfunction during
the late filling phase of the diastole can be a result of decreased LV compliance
(Deswal 2005). Compliance of the LV reflects the passive elastic properties of
LV during the blood flow across the mitral valve. When LV compliance is
impaired, high left atrial pressure is needed to maintain adequate CO. The
consequence of this is retrograde transmission of elevated pressure into the
pulmonary vascular system, leading to pulmonary congestion and dyspnea (Hart
et al. 2000).

Myocardial relaxation is slow or incomplete in the occurrence of high SBP,
high plasma volume and increased venous return (Gillebert et al. 2000). In
Guyton's model in renal failure, the sodium load leads to hypertension
characterized by increased plasma volume and CO. This is followed by increased
SVR, which maintains the hypertension (Coleman et al. 1969). Thus, Guyton's
model may explain transitional changes in myocardial relaxation in HD patients.

Interstitial myocardial fibrosis is a prominent finding in subjects with
diastolic dysfunction (Merx et al. 2005). Excessive deposition of the
aminoterminal propeptide of type III procollagen is observed in the myocardium
in patients with LV diastolic dysfunction (Rossi et al. 2004) and angiotensin II
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has been shown to increase collagen synthesis in cardiac fibroblasts and to be
associated with increased stiffness (Diez et al. 2002). Macrophage-mediated
inflammation (Kuwahara et al. 2004) and activation of the chymase pathway
(Matsumoto et al. 2003) are suggested to play a central role in the pathogenesis
of myocardial fibrosis. Several other factors such as parathyroid hormone,
endothelin, increased sympathetic nerve discharge and increased plasma
catecholamines are known to contribute to myocardial fibrosis in CRF (Bernardi
et al. 1985, Amann et al. 1994b, Demuth et al. 1998).

1.6.5 Diagnosis

There is a high prevalence and a rising incidence of diastolic dysfunction in the
ageing dialysis population. The diagnosis of diastolic dysfunction is important in
that it yields prognostic information (Bella et al. 2002, Redfield et al. 2003) and
treatment can be modified, although the optimal treatment has not yet been
defined (Kitzman 2002a, Yusuf et al. 2003, Carson et al. 2005). However, in the
future chronic chymase inhibition (Matsumoto et al. 2003) and peroxisome
proliferator-activated receptors alpha or -gamma agonists (Kim et al. 2003) may
become an important strategy in the prevention of LV diastolic dysfunction.

1.6.5.1 Clinical symptoms and signs

The guidelines of American College of Cardiology for the evaluation and
management of heart failure suggest that the diagnosis of diastolic heart failure
be based on the finding of typical symptoms and signs of heart failure with
preserved systolic function (Hunt et al. 2005). Zile and colleagues (2001) have
demonstrated that at least one abnormal index of diastolic function was present
in Doppler echocardiography in patients with heart failure and normal systolic
function.

Even severe diastolic dysfunction is often asymptomatic (Fathi et al. 2003,
Redfield et al. 2003). Moreover, the majority of patients show symptoms only in
stress conditions (Packer 1990, Kitzman 2002a, Kitzman et al. 2002b). Further,
there is no difference in the prevalence of specific symptoms and signs in
systolic versus diastolic heart failure (McDermott et al. 1995, Vasan et al. 1995).
Moreover, there is also a lack of specificity in heart failure symptoms and many
patients may have some other reason such as obesity or lung disease than
diastolic dysfunction for their symptoms (Caruana et al. 2000, Banerjee et al.
2002, Lubien et al. 2002). In summary, diastolic heart failure cannot be
distinguished from systolic heart failure based on symptoms or clinical signs of
heart failure.
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1.6.5.2 Natriuretic peptides

BNP is a cardiac neurohormone secreted from the ventricles in response to
ventricular volume and pressure overload (Cheung et al. 1998, Maeda et al.
1998). BNP is metabolized by natriuretic peptide receptors and degraded by
plasma endopeptidases (Almirez et al. 1999). Glomerular filtration rate has
independent effects on both plasma BNP and N-terminal-proBNP concentrations
in patients with CKD, but N-terminal-proBNP appears to be more affected by
declining kidney function (Vickery et al. 2005).

In the general population, N-terminal-proBNP can reliably detect the
presence of at least moderate or severe diastolic dysfunction (Cabanes et al.
2001, Lubien et al. 2002, Alehagen et al. 2003, Hammerer-Lercher et al. 2004,
Tschope et al. 2005). In a cross-sectional study of HD patients with presence of
echocardiographic or electrocardiographic evidence of cardiomyopathy, neither
BNP nor ANP was statistically significantly elevated in patients with LV
diastolic dysfunction (Mark et al. 2006). Nor did DeFilippi and associates (2005)
find any relationship between diastolic dysfunction and N-terminal-proBNP
levels in patients with CRF. In one recent study LV diastolic function in HD
patients was measured by electrocardiagraphic-gated 99mTc-MIBI myocardial
SPECT and the peak filling rate was an indicator of LV diastolic function
(Tadokoro et al. 2006). In this study, the plasma BNP levels correlated with the
peak filling rate, suggesting that the plasma BNP level reflects diastolic function.
At present, there is no sufficient evidence of the relevance of natriuretic peptides
for the diagnosis of diastolic dysfunction in patients with CRF.

1.6.5.3 Two-dimensional and M-mode echocardiography

According to the criteria of the European Study Group of Diastolic Heart Failure
a diagnosis of diastolic heart failure requires the presence of normal or only
mildly abnormal LV systolic function (Paulus 1998). In practice, an estimate of
LV size and ejection fraction can be obtained with M-mode and two-dimensional
echocardiography. Indices of LV diastolic function such as early diastolic time
interval and the diastolic wall motion index are abnormal in patients on
maintenance HD (Fujimoto et al. 1994). The motion of the posterior LV wall is
diminished in patients with restrictive diastolic dysfunction (Upton et al. 1976).
The rapid early filling ceases abruptly and there are no further expansion of the
left ventricular wall (Feigenbaum 1989). However, these indices require
complex, high-quality images and calculations, and are thus not easily used for
clinical applications (Schmidt et al. 2000). In a comparison of M-mode
echocardiography and Doppler echocardiography in assessing early diastolic
filling, the two methods measure different aspects and should be regarded as
complementary rather than interchangeable (Lee et al. 1991).

Two-dimensional echocardiography has also been used to assess LV diastolic
performance. Unfortunately, this method, similar to M-mode echocardiography
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also requires high-quality images and complex calculations, and has not been
widely applied in clinical practice (Zoghbi et al. 1987, Schmidt et al. 2000).

Normal left atrial size and ejection fraction in patients with dyspnoea suggest
that it is highly unlikely that they are suffering from elevated filling pressures
and diastolic heart failure (Quinones 2005). Conversely, increased left atrial size
and volumes usually indicate diastolic dysfunction in patients with hypertension
(Rossi et al. 2002) and increased ventricular mass (Ammash et al. 2000). Left
atrial size is also an independent determinant of LV filling pressure in patients
with CAD (Appleton et al. 1993). In stable patients undergoing HD left atrial
volume index may be a useful parameter to differentiate normal from
pseudonormal mitral flow (Barberato et al. 2007).

1.6.5.4 Doppler transmitral velocities

Kitabatake and associates (1982) first described the use of the Doppler
transmitral velocity technique to study LV diastolic function. Nowadays the
Doppler transmitral velocity measurement has become the Rosetta stone for
clinicians in diagnosing diastolic dysfunction (Nishimura et al. 1997).

The normal mitral inflow velocity wave consists of two peaks, the E (mitral
inflow peak early diastolic velocity) wave in early diastole and the A wave in
late diastole. The left atrial preload (Choong et al. 1987, Courtois et al. 1988a,
Gillebert et al. 2000), minimal LV diastolic pressure (Appleton et al. 1988,
Courtois et al. 1988b), compliance of the left atrium and the rate of ventricular
relaxation (Choong et al. 1988) influence the peak E velocity. A decrease in
preload with a reduction in left atrial pressure reduces E velocity and the relation
is roughly linear (Choong et al. 1988). Further, less complete relaxation reduces
the left atrial pressure gradient and E velocity (Lainchbury et al. 1999). Choong
and colleagues (1988) have also demonstrated that increasing LV systolic
pressure (afterload) is associated with a decline in E velocity. The peak E
velocity may be increased either by elevated left atrial pressure or by the low LV
minimal diastolic pressure caused by rapid LV relaxation mostly observed in
young adults (Zile et al. 2002). Values for peak E velocity are usually in the
range of 1.0-1.2 m/s in young adults, falling progressively with age to 0.5 m/s or
less in the elderly (Benjamin et al. 1992).

As the LV fills in the early diastole, there is a rise in pressure, which exceeds
the left atrial pressure, causing a deceleration of flow. The deceleration time
(DT) is the interval between the peak E velocity and the intersection of the
deceleration of flow within the baseline. DT tends to be prolonged by impaired
LV relaxation and shortened by increased filling pressure (Shimizu et al. 1998,
Mottram et al. 2005). DT is more or less HR-independent, since it decreases by
less than 20 % with a 100 % increase in HR (Chung et al. 2006). However, the
determination of DT at heart rates over 120/min (Chung et al. 2006), or at mitral
flow velocities over 0.2 m/s at the start of atrial contraction (Appleton et al.
2000), becomes unreliable due to fusion of the E and A waves. DT increases
with age (Schirmer et al. 2000, Hees et al. 2004, Sim et al. 2004). In adults with
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cardiac disease, DT provides an accurate estimate of LV operating stiffness
(Little et al. 1995, Nishimura et al. 1996, Garcia et al. 2001) and contains
information regarding chamber viscosity and relaxation (Kovacs et al. 1987). DT
also predicts survival and LV remodelling after acute myocardial infarction
(Ueno et al. 2002, Temporelli et al. 2004). Early DT prolongation in
asymptomatic elderly subjects is associated with increased relative wall
thickness and enhanced ANP increments after central volume expansion, and
may represent a precursor to symptomatic diastolic heart failure (Margulies et al.
1999). Prolonged DT of early filling is also a powerful independent marker of
poor prognosis in patients with LV systolic dysfunction (Temporelli et al. 2004).

With atrial contraction, left atrial pressure rises and increases the transmitral
pressure gradient, producing the mitral A (mitral inflow peak late diastolic
velocity) velocity curve. A wave velocity reflects the pressure gradient between
the LV and the atrium. The A wave is determined by atrial systolic function,
atrial preload and LV operating compliance (Smiseth et al. 2000). Volume
loading increases left atrial pressure and the peak mitral A velocity (Choong et
al. 1988). The duration of the A wave shortens with a decrease in LV chamber
compliance (Matsuda et al. 1990, Rossvoll et al. 1993), since the reduced LV
filling during the early diastole results in less LV pressure and the atrium
contracts into low pressure and a more compliant chamber (Appleton et al.
2000). A transmitral A wave velocity rises with age (Henein et al. 2002) and
with an increase in HR (Appleton 1991). A shortened A wave DT is a useful
index of elevated LV filling pressure (Tenenbaum et al. 1996).

The ratio of early to late peak filling velocities (E/A ratio) is the parameter
mostly widely used in clinical practice to assess LV diastolic function. In a
normal middle-aged subject, the E velocity is slightly greater than the A velocity
(Schirmer et al. 2000).

Isovolumic relaxation time (IVRT) is defined as the time interval between
aortic valve closure and mitral valve opening, during which LV pressure falls
with no change in volume. The IVRT reflects the rate of LV relaxation and
increases with impaired relaxation. The IVRT is dependent not only on the rate
of ventricular relaxation, but also on the LV pressure at the time of aortic valve
closure (afterload), the atrial pressure at the time of mitral valve opening
(preload) and the HR (Appleton et al. 1988, DeGroff 2002). Elevation of the
filling pressure and an increase in HR shortens the IVRT (Regolisti et al. 1997).
The IVRT correlates significantly with the acceleration of the E wave and the
E/A ratio (Brecker et al. 1992). It is an early indicator of LV dysfunction and
may increase before there are any changes in the E/A ratio (Brecker et al. 1992,
Mandinov et al. 2000). A study in hypertensive and normotensive rats has
demonstrated a close correlation between IVRT and invasive relaxation indices
(Slama et al. 2005). Further, in another animal model IVRT as measured by
Doppler echocardiography was found to reflect LV relaxation only during
constant preload. During volume loading prolongation of IVRT, as a sign of
slowing of relaxation, was counteracted by an earlier opening of the mitral valve
leaving IVRT unchanged (Myreng et al. 1990). With an end-diastolic pressure of
30 mmHg, IVRT is zero and thus patients with normal IVRT may have
considerable diastolic dysfunction. IVRT is significantly prolonged in patients
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with CAD (Hashimoto et al. 1996), in hypertension (Lewis et al. 1980) and in
patients with hypertrophic cardiomyopathy (Maron et al. 1987). Ageing results
in a prolongation of the IVRT, so that in the elderly this is approximately double
that in children (Maron et al. 1987, Myreng et al. 1989, Prasad et al. 2005).

1.6.5.5 Mitral annulus motion velocities in tissue Doppler

Doppler tissue imaging measures the velocity of the mitral annulus motion
during the diastole. Myocardial fibers have a common insertion on the fibrous
mitral annulus and the mitral annular motion in the longitudinal axis is
determined by the sum of longitudinally oriented fibers (De Boeck et al. 2003).
Thus, the mitral annulus velocity represents the velocity of changes in the LV
long axis dimensions. In healthy persons, the mitral annular motion during the
diastole is almost a mirror image of the transmitral flow pattern and consists of
two negative velocities E* (mitral annular early diastolic velocity) and atrial A"
(mitral annular late diastolic velocity) (Lainchbury et al. 1999). Velocities at
both the septal and lateral mitral annulus are used in clinical practice. However,
Peverill and associates (2004) investigated the relationship between septal and
lateral annular velocities and found no close correlation.

The E° velocity behaves as an index of LV relaxation and is inversely
correlated to the time constant of relaxation (Rodriguez et al. 1996, Oki et al.
1997, Nagueh et al. 1999), whereas A" is primarily determined by left atrial
contractility and afterload (Nagueh et al. 2001). Diastolic velocities E* and A"
rapidly decrease during acute ischemia, show a rebound increase after
reperfusion, and display distinct patterns based on the presence or absence of
obstructive CAD in the associated vessel (Bach et al. 1996, Derumeaux et al.
1998, Nagueh et al. 2004). A significant relationship also prevails between E
and the beta-adrenergic receptor density and interstitial fibrosis in patients with
CAD (Shan et al. 2000). The ratio of E velocity to E* correlates with LV filling
pressures (Nagueh et al. 1997, Nagueh et al. 1998, Sundereswaran et al. 1998,
Nagueh et al. 1999). In a study by Nagueh and associates (1997) a mitral annulus
E/E’ ratio greater than 10 was associated with the most optimal sensitivity (91
%) and specificity (81 %) for elevated pulmonary capillary wedge pressure.
Further, Ommen and group (2000) have shown that an E/E’ ratio over 15
identifies increased LV end-diastolic pressure. The E/E’ ratio showed a better
correlation with LV end-diastolic pressure than did any other Doppler variables
for all levels of systolic function. However, in a study by Poerner et al. (2004)
the E/E" ratio showed no significant differences between patients with normal
and elevated LV end-diastolic pressure. The E/E" ratio can be used to estimate
pulmonary capillary wedge pressure with reasonable accuracy in sinus
tachycardia and even with complete merging of E and A velocities (Nagueh et al.
1998). In patients with chronic kidney disease Doppler tissue imaging has been
shown to identify significantly more patients with diastolic dysfunction than
conventional echocardiography (Hayashi et al. 2006).
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Normal ageing causes a decrease in E' and a substantial increase in A’
myocardial velocities, and thereby the E/E’ ratio decreases (Rodriguez et al.
1996, Henein et al. 2002). An increase in HR reduces E’, but increases A’
(Nagueh et al. 2004). The main limitation of the method is that the E* is a
regional index and errors can occur when results are extrapolated to the entire
ventricle.

1.6.5.6 Effects of hemodialysis on Doppler indices

1.6.5.6.1 Doppler transmitral velocities

A number of studies have investigated the influence of HD on Doppler LV
diastolic filling indices (Rozich et al. 1991, Sadler et al. 1992, Gupta et al. 1993,
Sztajzel et al. 1993, Chakko et al. 1997, Uusimaa et al. 1999, Agmon et al. 2000,
Chamoun et al. 2002, Dincer et al. 2002, Graham et al. 2003, Ie et al. 2003, Koga
et al. 2003, Barberato et al. 2004, Hayashi et al. 2004, Hung et al. 2004b, Hung
et al. 2004a, Galetta et al. 2006, Vignon et al. 2007). In all of these studies, HD
with UF results in a marked decrease in E wave velocity. However, the authors
have produced conflicting results on the influence of HD for the A wave
velocity, E/A ratio, DT and IVRT. Table 5 summarizes the effects of HD on LV
diastolic filling indices.
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Table 5. Summary of previous studies on the effects of hemodialysis on left ventricular Doppler diastolic filling indices.

Rozich  Sadler

et al.
1991

PATIENTS

Number 16

Age

(yn)
Time on HD

(mo)

HEMODIALYSIS

Duration
()
Fluid removed
M
Weight change
(kg)
MITRAL
INFLOW
pre/post HD
E 55/39
(cm/s) *ok

A
(cm/s)

64/69
ns

E/A 0.2/;).6

DT
(ms)

IVRT
(ms)

58/73

kk

et al.
1992

24

52

35

87/66

EE LS

85/83
ns

1.1/0.8

EEES

199/221 248/184

EE LS

92/99
ns

Gupta

et al.
1993

15

27

1.4

Hok

1.5/1.3
*

EE LS

80/57

kk

Sztajzel

et al.
1993

41

61

3-4

3.0

otk

95/63

* %

80/74
ns

1.2/0.9
Hok

et al.
1997

13

62

3-4

3.4

EEE

97/81
*

91/95
ns

1.2/0.9
*

217/229
ns

1999

12

54

4-5

3.0

otk

87/57

EE LS

84/73

*

90/118
kK

Chakko Uusimaa Agmon Chamoun
etal.

et al. et al.
2000 2002
13 20
62 44
26
3.1
2.1
®kk
91/62 116/103
sdeokok *
91180 93/92
ns
1.2/1.0  1.3/1.2
* *
195/240 239/246
sk ns
100/113  76/85

ns

*

kk

Dincer Graham
et al. et al.
2002 2003

62 17
42 55
65 13
4-5 4
2.5
1.6
kkk
89/65 84/68
dk skeksk
79/74 95/87
dkksk dksk
1.2/0.9  0.9/0.8
®% *%
185/231
dk
88/117

Ie
et al.
2003

54

29

22

65/52

*k

86/82
ns

0.8/0.5 0.7/0.6
sk *

Koga

et al.
2003

32

72

40

3-4

68/59

*

94/92

ns

Barberato Hayashi

et al.
2004

21

53

22

95/78

kokok

101/98
ns

1.0/0.8
ns

217/251 276/264

ns

ns

119/134
ns

Hung

Hung Oguzhan Galetta Vignon

et al. et al. et al. et al. et al. et al.
2004 2004a  2004b 2005 2006 2007
13 40 128 30 20 37
59 53 59 41 51 52
30 59 56 64
3-4.5 4 4 3.54
3.0
2.3 2.6 2.6 39 3.0 30
®kk skkk ®kk ®kk ®kk .
88/69 95/70 91/67 100/85 59/59
kk sk ke sdkok ns
89/86 80/72 105/100  76/71 68/74
ns kkok kkck * ns
1.0/0.8 0.9/0.8 09/0.7 14/1.3 0.9/0.8 1.0/0.8
ns ®kk ®kk ®kk ns *
192/212 191/210 194/271
* sk *
101/93  90/107 88/110  91/93 86/89  81/105

kskok kskok ns

ns

ns ns

*=p<0.05, ** = p<0.01, *** = p<0.001, ns = non-significant, E = mitral inflow peak early diastolic velocity, A = mitral inflow peak late diastolic
velocity, E/A= early to late peak mitral inflow velocity, DT= deceleration time, I[VRT = isovolumic relaxation time.
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Changes in left atrial diameter (LAD) and LV end-diastolic dimension reflect
changes in left atrial pressure and preload during HD (Kinet et al. 1982). In
several studies in HD patients, preload reduction after dialysis was manifested by
a decrease in body weight, in LAD and in the LV end-diastolic dimension. An
acute reduction in left atrial pressure by transient inferior caval occlusion
(Courtois et al. 1988b) or by nitroclyserin infusion (Choong et al. 1987) results in
a decrease in E wave velocity. These observations support the pathogenetic role
of left atrial pressure in changes in E wave velocity during UF. In a study by a
group under Chakko (1997), diastolic Doppler filling parameters were measured
before and after hemodialyses, performed once with and once without fluid
removal. The decrease in E wave velocity occurred only with fluid removal and
correlated with weight loss, indicating that the change is a result of reduction in
preload. The preload dependence of the E wave is also supported in the study of
Sadler and coworkers (1992), who observed that only those HD patients who lost
one or more kilograms during HD had a significant decrease in peak E wave
velocity. Further, the volume replacement after HD with normal saline solution
returned E velocity to baseline.

Some studies have reported that in addition to changes in E wave also changes
in A wave significantly differ with respect to the varying amount of UF (Uusimaa
et al. 1999, Agmon et al. 2000, Dincer et al. 2002, Graham et al. 2003, Hung et
al. 2004b, Hung et al. 2004a, Oguzhan et al. 2005). In a study by Hung and
colleagues (2004b) changes in both E and A wave were greatest in patients with a
high UF. In addition, Hsiao and associates (2005) found that both E and A wave
decrease significantly when the amount of fluid removed during HD is larger than
2 kilograms. Nonetheless, many studies have reported no change or only a trend
towards a decrease in A wave velocity after HD with UF (Rozich et al. 1991,
Sadler et al. 1992, Sztajzel et al. 1993, Chakko et al. 1997, Chamoun et al. 2002,
Ie et al. 2003, Koga et al. 2003, Barberato et al. 2004, Hayashi et al. 2004, Galetta
et al. 2006). The discrepancy may be related to differences in changes in HR,
since rise in HR is associated with an increase in A wave velocity (Appleton
1991). However, in many HD studies an increase in HR seems to stand in relation
to an decrease in A wave (Agmon et al. 2000, Hung et al. 2004b, Hung et al.
2004a). In patients on HD an increase in HR is the major hemodynamic
compensatory mechanism to intravascular volume depletion (Bos et al. 2000,
Maggiore et al. 2000, Braunschweig et al. 2006). Thus, during HD with very high
intravascular volume depletion a decrease in A wave due to a reduction in preload
may be counteracted by the increase in HR.

The HR response to intravascular volume reduction may vary in different
patients. Andrulli and coworkers (2002) studied 123 patients on chronic HD who
were considered prior normotensive, intradialytic hypotension-prone or
hypertensive. Heart rates increased until the end of dialysis in all groups, but
variation was much less in the intradialytic hypotension-prone and hypertensive
groups. It is also possible that autonomic neuropathy will blunt the HR response
to reduced preload or hypovolemia (Mallamaci et al. 1986, Takahashi et al.
1996). In addition, patients on HD and patients with diastolic dysfunction have
reduced HR variability (Arora et al. 2004). The effects of HR on the transmitral
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flow velocity pattern can be markedly different, depending on whether
withdrawal of parasympathetic tone or sympathetic stimulation is the cause of the
increase in HR (Appleton 1991).

The baseline values of the A wave may affect its changes during UF. The
greatest changes in A wave peak velocity are found in those exhibiting the largest
A waves at baseline (Courtois et al. 1988b, Ruffmann et al. 1990, Sadler et al.
1992). The results of a study by Yilmaz and group (2002) suggest that improved
left atrial mechanical function after HD may enhance A wave velocity. Moreover,
inter-individual variation in the behavior of the A wave during HD may be
considerable (Sztajzel et al. 1993).

As the contribution of atrial contraction to total diastolic filling is only 30 %,
a normal mitral inflow A wave is smaller then the E wave, with an E/A ratio
greater than 1 (Hamlin et al. 2004). In a half of the studies presented in the Table
5 pre-dialytic E/A ratio is less than 1. After HD the ratio is reduced due to a more
significant decrease in the E than the A wave. The reduction in preload can
correct the pseudonormal pattern of the E/A ratio and hence after dialysis an E/A
ratio less than 1 has been observed in most studies. The high prevalence of low
pre- and post-dialytic E/A ratios is in line with the high prevalence of diastolic
dysfunction in patients on HD.

Previous studies in HD patients have reported conflicting results on the effect
of HD on DT and IVRT. However, most have demonstrated either a statistically
significant increase or a trend towards an increase in DT and IVRT (Table 5). The
longer duration of IVRT and DT may be attributed to the lower transmitral
driving pressure resulting from reduced filling volume (Sadler et al. 1992). A
reduction in driving pressure would result in delayed mitral valve opening and
prolongation of IVRT and DT (Rozich et al. 1991). A second possible
explanation is that the increase in serum concentrations of calcium during HD
impairs LV relaxation and prolongs DT and IVRT (Rostand et al. 1988, Rozich et
al. 1991, Néppi et al. 1999).

1.6.5.6.2 Mitral annular velocities in tissue Doppler

Contrasting data have been presented regarding HD induced changes on the
mitral annular velocities in tissue Doppler (Table 6).
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Table 6. Summary of studies on the effects of hemodialysis on mitral annular velocities.

MITRAL Agmon Dincer Graham Ie Hayashi Hung Oguzhan Galetta
ANNULAR et al. et al. et al. et al. et al. et al. et al. et al.
VELOCITIES 2000 2002 2004 2003 2004 2004b 2005 2006
(pre/post HD)
E'septal 6.1/4.1 8.3/6.1 6.2/6.1 6.0/4.0 5.3/5.5 6.9/5.7 6.2/5.1 7.6/5.9
(Cm/S) skokosk skokosk ns & ns koskok ok sk koskok
E'lateral 10.2/8.4 10.6/8.3 9.1/8.6 9.0/8.0 6.7/5.5 10.3/7.1
(Cm/s) sksksk sksksk ns skskosk sksksk skskosk
A’septal 8.3/8.1 10.0/9.5 10.6/10.4  10.0/10.0  7.5/7.3 9.6/9.5 5.5/5.6 8.8/9.7
(cm/s) ns ns ns ns ns ns ns ns
A’lateral 11.3/10.3  12.3/12.1  10.9/10.6 10.8/10.4 4.4/4.7 9.5/9.9
(cm/s) ns ns ns HokE ns ns

*=p<0.05, ** = p<0.01, *** = p<0.001, ns = non-significant, E"= mitral annular
(septal or lateral) early diastolic velocity, A'= mitral annular (septal or lateral) late
diastolic velocity.

Most studies have demonstrated a significant decrease in E' and the E'/A®
ratio after HD (Agmon et al. 2000, Dincer et al. 2002, Ie et al. 2003, Hung et al.
2004a, Oguzhan et al. 2005, Galetta et al. 2006). On the other hand, groups under
Graham (2003) and Hayashi (2004) observed no change in E* or E'/A" ratio
following HD. A" does not change during HD with UF. However, in one study
A’lateral velocity, but not A’septal, has been shown to be affected by HD (Hung
et al. 2004a).

The different responses in E' are assumed to be related to the different
amounts of fluid removed during HD (Graham et al. 2003). There was a lower
removal of fluid in a study by Graham and associates (2003), but not in a study
by Hayashi and group (2004), compared with other studies. Changes in HR and
BP may also influence E'and A" velocities. In the aforementioned study by
Graham and colleagues (2003), HD resulted in no significant changes in HR or
BP. In other studies, fluid removal has led to a significant decrease in BP and an
increase in HR. Hayashi and associates (2004) report no hemodynamic changes
after HD. Another possible mechanism underlying differences in the behavior of
E’ might be reduced coronary flow reserve, which may cause stunning and
diastolic dysfunction due to hemodynamic stress at the time of dialysis (Galetta et
al. 2006). The prevalence of CAD in the study populations varied largely ranging
from 0 to 62 %.

1.6.6 Clinical implications

Echocardiographic findings of diastolic dysfunction may predict mortality also in
HD patients. In a 4.25-year prospective study carried out with 40 diabetic and 28
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non-diabetic patients starting HD, pseudonormal or restrictive patterns of LV
diastolic dysfunction associated with mortality (Zaslavsky et al. 2005). Such
adverse patterns of LV diastolic filling were observed in 41 % of non-survivors in
comparison to 10 % of survivors.

Dialysis hypotension is prevalent in patients with diastolic dysfunction
(Ruffmann et al. 1990). In HD patients with diastolic dysfunction, it is difficult to
fill a stiff heart with blood during diastole, when the filling pressure is reduced
(Daugirdas 2001). In addition, the majority of patients with diastolic dysfunction
have a very limited ability to increase SV via the Frank-Starling mechanism. As a
result, even a slight reduction in volume during UF can induce a fall in LV filling
pressure and dialysis-associated hypotension.

On the other hand, HD patients with diastolic dysfunction have a mean left
ventricular end diastolic pressure at rest approximately double that of healthy
subjects (Wizemann et al. 1993). Thereby hypervolemia can result in a steep
increase in LV pressure and cardiac backward failure, causing pulmonary edema
(Passauer et al. 1998, Wizemann et al. 1998).

Atrial fibrillation is the most common sustained arrhythmia during dialysis,
occurring in up to 11 % of treatments (Atar et al. 2006). Diastolic dysfunction is
associated with an increased risk of atrial fibrillation (Thamilarasan et al. 2000,
Tsang et al. 2002). The development of atrial fibrillation during dialysis causes
hemodynamic deterioration, especially in elderly patients. Hemodynamic
impairment is in part explained by shortening of the diastole and impaired LV
filling (Zebe 2000).

The association between chronic kidney disease and CV death is accounted
for, in part, by higher rates of serious arrhythmias. These are also associated with
underlying structural heart disease, including diastolic dysfunction (Kayatas et al.
1999, McCullough et al. 2004). It is also important to note, that tachycardia
during dialysis may worsen the diastolic dysfunction, since it reduces the time for
complete relaxation. An increase in plasma calcium during standard HD may also
cause acute impairment of diastolic filling (Virtanen et al. 1998a, Néppi et al.
1999).
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2 Aims of the study

The purpose of the present study was to study the effects of extracellular fluid
volume and hemodialysis

1. on plasma atrial natriuretic peptide and ambulatory blood pressure (I).
2. on dynamic vectorcardiography parameters (I, 111, 1V).

3. on the diastolic function of the left ventricle (V).
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3 Patients and methods

3.1 Patients

The participants in studies I-V were selected from among patients on chronic HD
treatment in the Tampere University Hospital Dialysis Unit. The subjects were
clinically stable, had no obvious symptoms of CAD or were not disposed to
hypotension during HD treatment. In the recruitment, the author evaluated the
ability of all patients on chronic HD treatment at that time in the unit to
participate in different studies. Due to demanding study protocols, only a
minority of patients were selected. In comparison to other patients in the unit,
more females and fewer patients with DM were recruited to studies 1V-V. The
clinical characteristics of the patients are shown in Table 7.

Table 7. Clinical characteristics of patients participating in studies.

Study Number  Sex Age Time on Dialysis  ADPKD CGLN DN Other
number of (F/M) (years) hemodialysis time
subjects (months)® (hours)
I 10 6/4  55(20-73) 18 (2-72) 4 5 4 0 1
I, 111 15 6/9 63 (36-76) 25(1-66)  4.1(3.5-5)? 2 5 6 2
v 12 7/5 56 (32-76) 14 (1-59) 2.5+2.5 2 7 1 2
v 11 6/5 56 (32-76) 13 (1-59) 2.5+2.5 2 6 1 2

ADPKD = adult dominant polycystic kidney disease, CGLN = chronic
glomerulonephritis, DN = diabetic nephropathy, * = mean (range).

Initially the same patients were included in studies 1V and V. However, one
patient was excluded from study V due to poor visibility on echocardiography. In
study |, all patients had received antihypertensive treatment before maintenance
HD was started, but only two required antihypertensive treatment after the
initiation of HD. In studies Il and 111, all except one patient had history of
hypertension and seven of them a history of CAD. In studies 1V-V, three of the
patients had a history of CAD. The diagnosis of CAD was based on the presence
of one or more of the following criteria: a positive history of typical angina
pectoris chest pain with characteristic findings in exercise testing, documented
pathological Q waves on the ECG, coronary artery stenosis greater than 50 % of
the lumen diameter on angiography, a prior history of coronary artery angioplasty
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or bypass surgery. Patients were asked to report symptoms suggestive of
myocardial ischemia during the monitoring.

3.2 Methods

3.2.1 Study protocols

The subjects were studied as outpatients in the Tampere University Hospital
Dialysis Unit. In study |, ABP recording was started 1 h before HD and continued
for the next 24 hours. ABP was not recorded on the first interdialytic day, but was
performed on the second interdialytic day and continued next 24 hours to the
following HD. Blood samples for pANP analyses were taken and patients’ weight
was measured, as presented in Figure 3.

I Ambulatory BP | I Ambulatory BP I

I Dialysis day I 1st interdialysis day I 2nd interdialysis day I

R

S, S, S, S5 S,
w w w
W = weight S = pANP samples

Figure 3. Protocol of study .

In studies IlI-1V HD-related changes in body weight, biochemical blood
variables, BV, ECW and myocardial ischemia parameters registered by dVCG
were analysed. Studies 1V and V were undertaken to assess the role of isolated
UF and HD with minimal UF in changes in parameters reflecting myocardial
ischemia as registered by dVCG (1V) and indices in LV diastolic function (V).

In studies I-111, HD was performed simultaneously with UF. In studies 1V-V,
the 5 h dialysis session was divided into a 2.5 h period of UF (UF phase) and a
2.5 h period of dialysis with minimal UF (HD phase). In studies 11-V, patients
were settled in bed after weighing, and ECG and impedance measurement
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electrodes were attached. After a 15-min resting period basal ECW was
determined, the fistula cannulated and blood samples collected for analyses.
Blood samples were taken before and after dialysis (11-111) or before and after UF
and HD phases (IV-V). On-line VCG was started immediately prior to dialysis
and on-line BV monitoring was commenced simultaneously with UF. During the
dialysis session patients were allowed to sit only during eating. The recording of
ECG data was time-synchronized with BV, ECW and hemodynamic registration.
Body weight was again registered immediately after discontinuation of the
dialysis session.

In study I, two patients receiving antihypertensive medication were asked to
discontinue antihypertensive therapy two weeks before the study day. The
medication was allowed to continue in studies 11-V.

3.2.2 Hemodialysis procedures

The Fresenius 2008 E or Gambro AK 10B dialysis apparatus was used in study |
and a volumetrically UF controlling Fresenius 4008E HD machine in studies 11-
V. Patients were dialysed for 4 h (I), 3-5 h (11-111) or 5 h (IV-V). In study I, each
patient was dialyzed by the same type of dialysator as before throughout the
study. The type of dialyser membrane used was cellulosynthetic, cellulose
acetate, polymethylmethacrylat or polysulfone. In studies I1-V all patients used
cellulose acetate membrane hollow fiber dialyzers (Ca 130/170 series, Baxter
Healthcare, Round Lake IL, USA). The composition of the dialysate in every
study was Na 140 mmol/l, K 2 mmol/l, Ca 1.5 mmol/l, Mg 0.5 mmol/l, Cl 111
mmol/l and HCO3 33 mmol/l. The dialysate flow was fixed at 500 ml/min and
the dialysate temperature was 36.5°C. The blood flow rate was prescribed
individually. The UF rate was kept constant in studies I-111 and patients were
ultrafiltrated until their clinically determined dry weight was reached. In studies
IV-V the 5-h treatment session was divided into two parts. During the first 2.5 h
(UF phase) dialysate flow was turned off and the UF volume was determined
individually to reach patients’ clinically defined dry weight. At the end of the UF
phase patients were allowed to eat and during the next 2.5 h (HD phase) only the
fluid volume they gained during the meal was removed. Body weight was
registered immediately before and immediately after dialysis (11-1V).

3.2.3 Ambulatory blood pressure monitoring

In study I ABP was recorded using a non-invasive fully automatic recorder
(Novacor Diasys 2000, France). The device measures BP by an auscultatory
method. The cuff was placed on the contra-lateral arterio-venous fistula mid-arm.
Conventional SBP and DBP (‘office pressure’) was recorded after a 15-minute

70



supine rest by a regular auscultatory technique. Optimal cuff placement was
achieved through comparison between three conventional auscultatory standard
cuff methods and ABPM device BP measurements. The difference in means
under 5 mmHg was accepted to start ABPM. ABPM was performed twice. On the
first study day, mid-week dialysis day, the recorder was placed approximately 1 h
before dialysis. During dialysis (4 h) BP was measured every 10 min, during
daytime (14-22 h) every 15 min and during the night (22-6 h) every 30 min.
During the second interdialytic day monitoring, patients were told to rest for 4 h
at the time of HD treatment on the first day to simulate dialysis. They were
instructed to follow their usual daily activities and to keep a diary. The average
and the day-night difference in systolic and diastolic BP were calculated and the
average SBP and DBP computed for the whole 24-hour period in both recordings.

3.2.4 Dynamic vectorcardiography

In studies I1-1V the patients were monitored with continuous dVCG over the
whole HD session. A computerized MIDA system (MIDA 1000, Ortivus
Medical, Téby, Sweden) was used for analysis of QRS complex and ST-segment
changes. To obtain ECG signals eight conventional ECG electrodes were applied
to the chest after careful skin preparation according to the Frank lead system.
Three variables, QRS-VD, ST-VM and STC-VM, were generated by averaging at
one-minute intervals the recorded ECG signals, compared with the reference
complex, measured and presented on trend graphs. In addition, the 12-lead-
derived ECG was calculated from the X, Y and Z leads. The collected data were
automatically stored on the hard disk of the MIDA computer, later transferred,
and stored in another computer for statistical analyses. In study |, ST-VM6
elevation > 100 pV and in studies 11-111 ST-VM6 and / or STC-VM increase > 50
puV and QRS-VD changes over 15 nVS were considered to reflect ischemia. The
recorded dVCG data were time-synchronized with BV and ECV registration.

3.2.5 Echocardiography

In study V a two-dimensional M-mode and Doppler transthoracic
echocardiographic examination was performed three times (before, after HD, and
after the UF phases) by a single experienced observer using a General Electric
Vingmed ultrasound unit with a 2.5 MHz transducer (GE Vingmed, Horton,
Norway). The following parameters were assessed for measurements of LV and
left atrial dimensions: LAD, LVEDD, LVESD, IVST and LVPWT. LVH was
defined as LVMI (left ventricular mass index) over 134 g/m2 for males and over
110 g/m* for females at the end of the UF phase (Devereux et al. 1986). Systolic
dysfunction was defined as FS (left ventricular fractional shortening) < 25
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percentage. Left atrial enlargement was determined as a LAD (left atrial
diameter) over 40 mm after UF (Braunwald et al. 2001). The transmitral inflow
velocities were recorded by pulsed-wave Doppler echocardiography in the apical
four-chamber view with the sample volume placed at the level of the mitral
leaflet tips. The following indices were measured or calculated: E, A, the E/A
ratio. IVRT was measured as the time from closure of the aortic valve to the onset
of mitral valve opening. Normal values for IVRT are age-dependent.
Prolongation of IVRT was defined as follows: IVRT<oy, >92 ms, IVRT3¢.50y
>100ms, IVRT>50; >105 ms. The mitral DT was measured from the peak of the
early diastolic mitral flow velocity to its extrapolation at baseline. Abnormal
values were DT<soy >220 ms and DT-sp, >280 ms. The criteria for diagnosing
diastolic heart failure were based on a working group report of the European
Study Group on Diastolic Heart Failure (Paulus 1998). The study group has
previously reported the reproducibility of M-mode and Doppler
echocardiography earlier (Virtanen et al. 1998b).

3.2.6 Blood volume monitoring

In studies 11-V BV changes were monitored noninvasively and continuously with
CRIT-LINE instrument (In-Line Diagnostics, Riverdale, UT, USA) using an on-
line optical reflection method based on the reflection of infrared light by
erythrocyte membranes. On the assumption that the red blood cell mass is
essentially constant during the dialysis session, BV and hematocrit are inversely
and linearly related to each other. Hematocrit measurement was made through a
sterile plastic disposable blood chamber (PN 2231, In Line Diagnostics) placed in
the blood circuit between the arterial blood tubing and the dialyzer. The
hematocrit as an indicator of percentage change in BV was calculated every 20
sec.

3.2.7 Extracellular water and hemodynamic monitoring

Whole-body bioimpedance was used to estimate changes in ECW in studies 11-V
and hemodynamic responses in study V. Determination of whole-body
impedance was made using the whole-body impedance cardiography channel of
the CircMon B202 device (JR Medical Ltd, Tallinn, Estonia). Two pairs of
electrically connected electrodes were placed immediately proximally to the
wrists and ankles (Koobi et al. 1997). A 30 kHz 0.7 mA alternating current was
applied to the external pair of electrodes and the voltage measured from the inner
pair. Five-minute impedance measurements were made before the beginning of
the dialysis, during the procedure at 15 (11-111) or 30 min intervals (IV-V) and at
the end of the session. During the measuring, the patient was always in supine

72



position, arms at the sides without touching the body. In study V, the following
hemodynamic parameters were measured: HR, SV and CO. SBP and DBP
measured by a manual sphygmomanometer and their values entered into a
CircMon B202 database.

3.2.8 Mathematical formulas

In study I, mean values for SBP, DBP, pANP, change in body weight and the
day-night difference in SBP and DBP were calculated. In studies 11-V, ECW was
calculated from the generally accepted impedance index H?/R, where H is the
height of the patient and R the estimated baseline impedance. In study V, SVR
was calculated according to the formula: SVR = 79.96 (MAP/CO). MAP was
calculated as follows: DBP + 1/3(SBP-DBP). In study V, LVM was calculated
according to the formula of Devereux and Reichek (1986): LVM(g) =
1.04[(LVEDD+HVST+LVPWT)*-(LVEDD)’]-13.6. LVM was corrected for body
surface area to give the LVMI. Fractional shortening was determined as FS (%) =
(LVEDD-LVSD)x100/LVEDD.

3.2.9 Laboratory measurements

In study I, pANP values were measured before and after HD, 24 h, 48 h and 72 h
from the start of the first dialysis session. Patients were kept in supine position for
30 min before blood sampling. pANP sample were analysed in Medix CO.
Laboratories using the ELISA method with Peninsula antibody. Normal values
for pANP were under 65 ng/l. In studies I1-111, hemoglobin, hematocrit, sodium,
chloride, magnesium, potassium, ionized calcium, phosphate, venous blood pH,
and bicarbonate ion (HCO3") before and after HD were determined using
standard automated techniques (Kodak Ektachem 700, Technicon H2, Hitachi
717, ABL 500, CIBA Corning 634). In studies V-V, blood samples were taken
before and after UF and HD phases and analytical procedures were carried out
with a same automated technique as in studies 11-111.

3.2.10 Statistical analyses

Results are expressed as mean, standard deviation (£ SD), or standard error of
mean (= SEM) in study |. Student's two-tailed t-test for paired data was applied
to evaluate the difference between pre- and post-treatment values. In Study V,
Bonferroni adjustment was used in statistical comparisons. To evaluate the
association between variables logistic regression analysis and Pearson's
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correlation coefficient were used. In study I, differences between means of
multiple groups were tested with analysis of variance (ANOVA). In studies I11-
IV, the subject-specific slopes from the mixed models for BV and ECW as
covariates in mixed models for dVCG parameters were used to ascertain the
effect of change in BV and ECW on changes in ECG parameters. In studies I1-
IV, the influence of fluid and food ingestion and body position changes on dVCG
parameters was taken into account by eliminating the periods in question from
analyses. In all studies, statistical analyses were carried out with the statistical
software Statgraphics® Plus for Windows 7.0. PROC MIXED in the SAS System
for Windows 6.12 software was used in studies I11-1V for fitting linear mixed
models.

3.2.11 Ethical considerations

All patients gave an informed consent to participate and the Tampere University
Hospital ethical committee approved the study protocols.
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4 Results

4.1 The effects of volume changes and hemodialysis
on pANP and ABP

Average changes in SBP, DBP, pANP concentrations and body weight observed
in study | are presented in Figure 4.
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Figure 4. Mean values (+SEM) of SBP and DBP, day and night BP (a), pANP (b) and
body weight change (c) in 10 HD patients (I).

During HD the mean decrease in body weight was 1.7 = 0.5 kg (p = 0.005) and
the mean UF volume was 2.4 + 0.7 1. The interdialytic weight gain was 1.3 = 0.2
kg (p = 0.03). During the HD session, pANP decreased in seven patients and
increased mildly in three. The mean pANP concentration decreased during the
HD session from 149.7 £ 18.2 to 117 £ 0.1 ng/l (p = 0.15). After the HD session
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pANP decreased in every patient, and the lowest mean pANP concentration, 83 +
12.2 ng/l, was measured 20 h after completion of HD. The decrease was
statistically significant (p = 0.001) compared with predialytic values. Thereafter,
PANP increased constantly in every patient and reached its highest mean value,
180 + 14.9 ng/l, before the next dialysis session. The body weight decrease (r =
0.65, p = 0.04) and the UF volume (r = 0.58, p = 0.07) during dialysis correlated
with the simultaneous pANP decrease. The relationship between changes in body
weight and pANP was still stronger (r = 0.72, p = 0.019) when the maximal
pANP decrease was compared with weight reduction during the HD session. No
correlation was observed (r = 0.11, p = 0.77) between interdialytic weight gain
and pANP accumulation.

During the second interdialytic day the daytime SBP increased significantly (p
= 0.039) compared to that of the dialysis day. The absolute increase was 12.5 +
4.8 mmHg. This phenomenon was observed in 5/10 patients. Nighttime SBP rose
significantly in only 3/10 and the overall nighttime BP increase was insignificant.
However, there was a sharp BP elevation immediately prior to the second
dialysis. Changes in DBPs were minimal. There was a positive correlation
between interdialytic weight gain and SBP increase (r = 0.61, p = 0.06). No
correlation (r =-0.07, p = 0.85) was noted between pANP and SBP elevation.

The day-night difference in SBP was 11.3 = 4.8 mmHg on the dialysis day
and 19.3 = 3.1 mmHg on the second interdialytic day. Both differences were
statistically significant. On the dialysis day, a significant day-night SBP
difference was observed in 8/10 patients and on the second interdialytic day in
6/9 patients. The corresponding differences in diastolic pressures were 7.1 + 1.8
and 8.7 = 1.8 mmHg and they were significant in 5/10 and 4/9 patients.

4.2 The effects of volume changes and hemodialysis
on dynamic vectorcardiography parameters

4.2.1 Changes in vectorcardiography parameters

In study Il, the effect of HD with contemporaneous UF on QRS-VD was
evaluated. The mean QRS-VD increased from 4.16 + 2.40 to 15.60 = 7.0 pV
(p<0.001) (Figure 5). The QRS-VD change was due to a change in amplitude,
since the duration of the QRS complex did not significantly alter.
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Figure 5. QRS vector difference (QRS-VD) changes in 15 patients during dialysis (11).

In study 11, during the HD with combined UF QRS-VD increased during the
dialysis session from 3.5 + 3.0 to 14.4 + 6.0 uVs, (A % 75.5 £ 49.6), (p <0.001)
and STC-VM from 6.5 £ 5.3 to 27.3 £ 19.7 uV, (A % 72.5 £ 68.5), (p <0.001).
Deviating from these two parameters, the ST-VM6 change from 85.5 + 56.1 to
88.8 £76.3 uV, (A % 3.8 + 26.5) was not significant (Figure 6).
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Figure 6. Mean changes (+ SD) in QRS-VD, STC-VM, ST-VM6 during HD (111).

Conversely, according to the linear mixed model QRS-VD and STC-VM
showed a statistically significant linear trend (time effect for QRS-VD p = 0.0001
and for STC-VM p = 0.0004). In contrast, no statistically significant change was
noted in ST-VM6 during dialysis (time effect p = 0.5635).
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In study IV, the absolute and percentage changes in VCG during the isolated
UF phase were: +8.6 = 5.8 (A % 59.9 £ 13.7) for QRS-VD, +7.3 £ 5.1 (A % 40.5
+ 22.6) for STC-VM and + 0.9 + 12.7 (A % 0.6 = 12.8) for ST-VM6. No
statistically significant changes were observed in QRS-VD, STC-CM or ST-VM6
during the HD phase (Figure 7).
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Figure 7. Changes in QRS-VD, STC-VM and ST-VMS5 in 12 patients during UF and HD
phases. Bold line signifies mean trend (V).

According to the linear mixed model, no statistically significant change was
noted in ST-VM6 within the UF phase (time effect p = 0.986). In contrast, QRS-
VD and STC-VM showed a statistically significant linear trend (time effect for
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QRS-VD p <0.0001 and for STC-VM p < 0.0001. As summary of the percentage
changes in dVCG parameters during HD with combined UF, isolated UF and HD
with minimal UF is presented in Table 8, (I111-1V).

Table 8. Percentage changes in vectorcardiographic parameters during hemodialysis
with combined ultrafiltration, isolated ultrafiltration and HD with minimal ultrafiltration
(n-1v).

QRS-VD STC-VM ST-VM6
HD+UF UF HD HD+UF UF HD HD+UF UF HD
75.5+ 59.9 + 0.6 + 72.5+ 40.5 1.1+ 3.8+ 06+ 287+
49.6 13.7 12.8 68.5 22.6 55.6 26.5 12.8 16.8
p<0.001  p<0.001 ns p<0.001  p<0.001 ns ns ns ns

HD+UF = hemodialysis with combined ultrafiltration, UF = isolated ultrafiltration, HD
= hemodialysis with minimal ultrafiltration, ns = non-significant.

4.2.2 Volume changes

In studies I1-111, the mean body weight reduction was 1.89 + 1.04 kg (p<0.001)
and the mean volume removed by UF 2.36 + 0.96 liters. In the analyses of the
raw data, slightly different results in studies Il and Il were observed in the

changes in BV and ECW during HD. In the first analysis (I1) the mean ECW loss
was 8.6 = 3.7 % (p<0.001) and 7.1 = 2.9 % (p<0.001) in the second (study III).
The mean reduction percent in BV was 6.1 + 5.3 %, p< 0.001 (II) and 5.0 £ 5.6
%, p< 0.001, (I1l). The differences were due to some minor differences in the
time synchronization of the abundant raw data in these two analyses. Figure 8
illustrates mean changes in BV and ECW during combined UF hemodialysis in
study I11.
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Figure 8. Mean changes (+ SD) in blood volume (BV) and extracellular water (ECW)
during combined UF hemodialysis (111).

In study 1V, during the first 2.5 h of the study session isolated UF removed on
average 1.80 £ 0.72 1 fluid. The mean ECW decline at the same time was 8.0 +
2.3 %, (1.0 £ 0.3 1), (p <0.0001) and the mean diminution of BV 7.6 + 3.4 %, (p
< 0.0001). The mean volume removed by ultrafiltration during the HD phase was
0.25+0.93 1. The mean ECW declined at the same time by 0.7£1.8 % (0.1+0.23 1),
(p=0.829) and the mean BV increased by 2.843.0 %, (p<0.0001). In study V in
which eleven of the original twelve patients were selected for analyses, the mean
amount of fluid removed during the UF phase was 1.82+0.75 1 (range: 1.06-3.50
I; 6674356 ml/hour; range: 432—-1400 ml/hour). The mean ECW decline at the
same time was 7.9+2.4 % (p<0.001) and the mean diminution of BV 7.8+3.4 %
(p<0.001). The mean amount of fluid removed during the HD phase was
0.25+£0.91 1 (range: 0-0.30 I; 93445 ml/hour; range: 0—132 ml/hour). During this
phase, ECW declined by 0.6+1.8 % (p = ns) and BV increased by 2.9£2.8 %
(p<0.001). Figure 9 illustrates changes in BV and ECW during studies 1V-V.
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Figure 9. Changes in blood volume (BV) and extracellular water (ECW) in 12 patients
during UF and HD phases. Bold line represents a mean trend (1V-V).

As summary of the percentage changes in ECW and BV during HD with
combined UF, isolated UF and HD with minimal UF is presented in Table 9.

Table 9. Summary of percentage changes in extracellular water and blood volume
during hemodialysis with combined ultrafiltration, isolated ultrafiltration and
hemodialysis with minimal ultrafiltration (11-V).

HD+UF UF HD
ECW change -7.1+£29 -8.0+23 -0.7+18

p<0.001 p<0.001 ns
BV change -50+5.6 -7.6+34 +2.8+3.0

p<0.001 p<0.001 p< 0.0001

HD+UF = hemodialysis with combined ultrafiltration, UF = isolated ultrafiltration, HD
= hemodialysis with minimal ultrafiltration, ns = non-significant.
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In studies 1-111, the relation between dVCG parameters and volume changes
change in body weight correlated with the change in QRS-VD (r = -0.55, p <
0.05), STC-VM (r = -0.45, p = 0.09) and ST-VM6 (r = 0.37, p = 0.17). In study
Il, the correlation between changes in QRS-VD versus ECW, BV and weight
change for a single patient was also calculated (Table 10).

Table 10. Correlation of QRS vector difference versus extracellular water, blood volume
and weight change during hemodialysis with combined ultrafiltration (11).

Patient number QRS-VD QRS-VD Weight change kg

Vs Vs (%)
ECW BV
1 -0.91*** -0.74%*%* -1.3(-1.9)
2 -0.97*** -0.98*** -3.7 (-4.8)
3 -0.86%*** -0.92%** -3.5(-5.3)
4 -0.97*** -0.93%** -2.0 (-3.7)
5 -0.86%*** -0.83%** -0.6 (-0.8)
6 -0.94%** -0.73%** -0.8 (-1.3)
7 -0.97*** -0.22%** -1.9 (-2.7)
8 -0.91%*** -0.82%** -1.8 (-2.0)
9 -0.80%** -0.23%** -0.5 (-0.8)
10 -0.87%*** -0.75% %% -3.0 (-3.3)
11 -0.88*** +0.11 ns -2.4(-2.7)
12 -0.67** -0.66*** -0.4 (-0.5)
13 -0.96** -0.78%** -2.3(-2.8)
14 -0.76%*** -0.89%*** -1.8 (-2.3)
15 -0.88*** -0.78*** -2.3 (-3.0)

ORS-VD = QRS vector difference, BV = blood volume, ECW = extracellular water, ** =
p <0.01, ¥** = p <0.001, ns = non-significant.

In most of the patients studied, the change in QRS-VD during HD with
combined UF correlated significantly with the changes in BV and ECW. In some
patients, however, the correlation between QRS-VD and BV was poor. All these
patients (no. 7, 9 and 11) had a very small BV change (0 %, + 1 %, +1 %)
compared to the loss of ECW (-10 %, -3 %, -7 %).

To study more extensively connections between dVCG parameters and
volume changes, linear mixed models were used. In study 11, changes in both
ECW and BV had an effect on the change in QRS-VD and in STC-VM, but not
on those in ST-VM6. In study IV, the change in ECW was related to QRS-VD
during the UF phase and no relation was observed between dVCG parameters and
BV changes (Table 11).
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Table 11. Statistical significance (p values) of vectorcardiographic parameter changes
as a function of blood volume and extracellular water changes during dialysis with

combined ultrafiltration (UF+HD) and dialysis with isolated ultrafiltration (UF) (111-
V).

BVHD+UF BVUF ECWHD+UF ECWUF

QRS-VD  0.0001  0.5010 0.0001 0.0033
STC-VM  0.0001  0.1342 0.0331 0.1027
ST-VM6  0.2222  0.5190 0.5385 0.5561

ORS-VD = QRS vector difference, STC-VM = ST change vector magnitude ST-VM6 =
ST vector magnitude 60 ms after J-point, BV = blood volume, ECW = extracellular
water.

4.2.3 Biochemical variables

In addition to volume changes, changes in plasma concentration of biochemical
variables during the HD may also have an effect on dVCG parameters. Changes
in major biochemical variables in studies I1-V are presented in Table 12.

Table 12. Changes in biochemical variables during combined ultrafiltration
hemodialysis and during hemodialysis with separate ultrafiltration and
hemodialysis phases (11-V).

HD-+UF UF HD
Her 0.01+0.0 0.03+0.02 -0.01+0.02
ns p<0.0001 p<0.005
K -1.56 £0.61 0.04 £0.50 -1.21+0.55
p<0.001 ns p<0.0001
Na 1.14+£3.39 0.7+1.67 0.3+1.07
ns ns ns
Krea @ -479 +144.35 -71.9+53.22 -334.0 £ 165.30
p<0.001 p<0.001 p<0.0001
Urea | -15.0+3.66 -22+1.73 -8.9+2.78
p<0.001 p<0.01 p<0.0001
iCa 0.06+0.10 0.04 +0.04 0.03 £0.06
p<0.05 p<0.005 p<0.05
pH 0.10+£0.07 0.02+0.04 0.07 £0.02
p<0.001 ns p<0.0001
HCO3 5.56+243 0.57+1.86 4.67+1.41
p<0.0001 ns p< 0.0001

HD+UF = hemodialysis with combined ultrafiltration, UF = isolated ultrafiltration, HD
= hemodialysis with minimal ultrafiltration, ns = non-significant. Values are given as

means = 1 SD.
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Statistical correlations between changes in dVCG parameters and biochemical
variables in studies I1-1V are presented in Table 13. In studies I1-111, laboratory
parameters reflecting volume and osmotic changes during HD correlated with the
QRS-VD and STC-VM changes. However, no significant correlations were seen
between changes in dVCG parameters and biochemical variables during isolated
UF or HD with minimal UF (1V).

Table 13. Statistical correlations (R) between changes in vectorcardiographic
parameters and biochemical variables during combined ultrafiltration hemodialysis,
hemodialysis with minimal ultrafiltration and isolated ultrafiltration (111-1V).

QRS-VD STC-VM ST-VM6
R (p) R (p) R (p)

HD+UF UF HD  HD+UF UF HD HD-+UF UF HD

Hkr 0.56 038 0.23 0.41 0.02 0.15 -0.16 -0.19  -0.01
p=0.04 ns ns ns ns ns ns ns ns

Hb 0.63 046  0.17 0.54 0.21 0.20 0.16 021 0.24
p=0.02 ns ns p=0.05 ns ns ns ns ns

K -0.35 045 041 -0.13 0.04 0.22 0.26 0.08 0.29
ns ns ns ns ns ns ns ns ns

Na -0.59 025 0.18 0.58 -0.05 -0.32 -0.14 -0.26  -0.31
p=0.03 ns ns p=0.03 ns ns ns ns ns

Krea 0.29 0.55 046 0.09 0.36 0.54 0.37 -0.24  -0.05
ns ns ns ns ns ns ns ns ns

Urea -0.62 026  0.62 0.54 0.18 0.33 0.24 -0.09 -0.02
p=0.02 ns ns p=0.05 ns ns ns ns ns

iCa -0.12 -0.19 045 -0.37 0.17 -0.40 0.27 0.34 -0.31
ns ns ns ns ns ns ns ns ns

pH 0.33 -0.15  0.09 -0.21 -0.45 -0.17 -0.03 0.13  0.03
ns ns ns ns ns ns ns ns ns

HCO;, 0.40 -0.26  0.35 0.30 0.15 -0.39 0.05 0.01 -0.11
ns ns ns ns ns ns ns ns ns

ns = non-significant. Bold = statistically significant.

4.2.4 Myocardial ischemia

ST-VM6 and/or STC-VM increase >50 uV and QRS-VD changes over 15 uVs
are considered to reflect myocardial ischemia. No ischemic ST-VM6 changes
were found during HD with combined UF, HD with isolated UF or HD with
minimal UF (I11-1V). A QRS-VD increase >15 uVs was found in 4/15 patients in
studies I1-111 and in 3/12 patients during the UF phase, but in none within the HD
phase in study IV. In studies Il-11l, two of the four patients with a QRS-VD
increase over 15 pVs had a history of CAD. In study IV, none of the three
patients showing a QRS-VD increase over 15 uVs at the time of the UF phase
had a history of CAD. In study Ill, neither of the two patients with STC-VM
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increase over 50 uV had a history of CAD. No ischemic changes in STC-VM
were observed in the course of the UF - or HD phases. None of the patients
studied had symptoms of myocardial ischemia during the studies. Further, there
were no differences in the change in dVCG parameters during the dialysis session
between patients with or without CAD (111, Figure 10).
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Figure 10. Mean linear trends of QRS-VD, STC-VM and ST-VMG6 changes during
hemodialysis in patients with (+) and without (-) coronary artery disease (CAD) (I11).
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4.3 The effects of volume changes and hemodialysis
on the Doppler-derived indices of diastolic function of
the left ventricle

The effects of isolated UF and HD with minimal UF on cardiac parameters are
listed in Table 14.

Table 14. Effects of isolated ultrafiltration (UF) and hemodialysis with minimal
ultrafiltration (HD) on Doppler and M-mode echocardiography indices and the
statistical significance of the changes (p values) (V).

Parameters Before UF After UF and After HD p-value p-value p-value

before before UF  before HD  before UF
HD Vs S Vs

after UF after HD after HD
E (m/s) 0.82+0.2 0.62+0.2 0.72+0.2 0.003 0.0018 ns
A (m/s) 0.72+0.2 0.63+£0.2 0.70+0.3 0.042 ns ns
E/A 1.18+0.4 1.07+04 1.12+04 ns ns ns
DT (ms) 175+83 244+ 119 209 + 98 ns ns ns
IVRT (ms) 142 £ 40 171 £55 169 +47 0.03 ns ns
LVEDD (mm) 58.2+5.0 55.6+9.4 56.6 £ 6.7 ns ns ns
LVESD (mm) 412+79 406+ 11.6 39.7+6.8 ns ns ns
LAD (mm) 448 £5.51 41.2+691 404 +6.19 ns ns ns
IVST (mm) 126+1.9 12.8 £2.31 13.0+£2.19 ns ns ns
LVPWT (mm) 11.7£1.62 11.1£1.56 109 +£1.10 ns ns ns
LVMI (g/m’) 198.0+39.5 203.4+86.8 174.8 £31.5 ns ns ns
FS (%) 29.5+9.23 27.9 +£9.08 29.8+£6.79 ns ns ns

ns = non-significant. Data are presented as mean +SD, paired t test before vs after.

During the UF phase, E decreased from 0.82+0.2 to 0.62+0.2 m/s (p = 0.003)
and A from 0.7240.2 to 0.63+0.2 m/s (p = 0.042). The change in their ratio (E/A)
from 1.18+0.4 to 1.07+0.4 was not statistically significant. At the time of UF,
other echocardiographic indicators of diastolic function IVRT and DT
lengthened, but DT insignificantly. During the HD phase, an increase in E from
0.62+0.2 to 0.72+0.2 m/s (p = 0.018) was the only statistically significant change
in the parameters of diastolic function. A increased insignificantly from 0.63+0.2
to 0.70+0.3 m/s, as also the change in E/A was not significantly (from 1.07+0.4 to
1.12+0.4). When pre- and post-study values were compared, the changes in E
from 0.82+0.2 to 0.72+0.2, in A from 0.72+0.2 to 0.70+0.3 and in E/A from
1.18+0.4 to 1.12+0.4 were statistically insignificant. The changes in E, A and in
the E/A ratio are illustrated in Figure 11 and the changes in IVRT and DT in
Figure 12.
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Figure 11. Percentages of changes in E, A and the E/A ratio in 11 patients during UF
and HD with minimal UF. The bold line is the mean of the changes (V).
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Figure 12. Percentages of changes in IVRT and DT in 11 patients during UF and HD
with minimal UF. The bold line is the mean of changes (V).

During the UF phase, LAD decreased insignificantly from 44.8+5.51 to
41.2+6.9 as also during the HD phase from 41.24+6.9 to 40.4+6.19. In this study
population, LVH was detected in every patient and left atrial enlargement in five
out of 11. The systolic function of the heart was impaired in four patients and
remained abnormal during the study in all of them.

During UF, CO decreased clearly due to diminution of HR and SV. A
decrease in SV reflects changes in ECW and especially in circulating BV. During
the HD phase, SV and CO increased simultaneously with the increase in BV.
There were no changes in SBP or DBP during the UF or HD phases. The changes
in systemic hemodynamic variables are presented in Table 15.
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Table 15. Effects of isolated ultrafiltration (UF) and hemodialysis with minimal
ultrafiltration (HD) on systemic hemodynamic parameters and the statistical significance
of changes (p-values) (V).

Parameters Before UF After UF After HD

p p p

and before UF  before HD  before UF
before HD VS S VS

after UF after HD after HD
HR (beats/min) 69.5+13 663111 71.8+13 0.006 0.003 ns
SV (ml) 67.8+ 14 625+ 12 685+ 13 ns ns ns
COo () 48+14 42+1.2 50+14 0.024 0.000 ns
SBP (mmHg) 164 + 28 157 + 36 162 + 33 ns ns ns
DBP (mmHg) 90+ 12 88+ 15 88 +23 ns ns ns
SVR (dyns/cm’) 2037 +747  2231+888 1908 + 843 ns 0.018 ns

HR = heart rate, SV = stroke volume, CO = cardiac output, SBP = systolic blood
pressure, DBP = diastolic blood pressure, SVR = systemic vascular resistance, ns =
non-significant.

No statistically significant correlations were observed between the changes in
E or A and the changes in hemodynamic parameters during the UF and HD
phases. Furthermore, the changes in the dimensions of the heart did not correlate
with those of E and A. However, in the analysis of the whole group there were
close and logical Pearson correlations between the changes in the means of E, A,
SV and HR during both the UF (r = 0.99, p<0.001) and HD (r = 0.99, p<0.001)
phases. During the UF phase, the change in E showed some correlation with the
amount of UF (r = 0.45, p = 0.17) and the change in BV (r=10.44, p =0.17).

Changes in biochemical parameters during the UF and HD phases are
presented in Table 13. There was an inverse correlation between the changes in
plasma ionized calcium and the changes in E during the UF phase (r = —0.64, p =
0.04). In addition, the changes in HCO3 correlated negatively with changes in E
during the UF phase (r =-0.71, p=0.01).

The E/A ratio was abnormal in only one patient at the start of the study. This
ratio changed during the study in two cases from normal to abnormal and in one
from abnormal to normal. At the outset, DT was abnormal in two patients. It
changed from normal to abnormal in three patients during the UF phase but
normalized in two of them during the HD phase. IVRT was abnormal in 10 out of
11 patients throughout the study and the IVRT of the one normal patient changed
to abnormal during the HD phase.

89



5 Discussion

5.1 General considerations regarding study subjects
and design

Due to the use of many technical devices and long, demanding study protocols
the patients recruited to this study had to be selected from among those who were
co-operative and in a stable clinical condition. For example, about 15-20 percent
of the patients in the unit had hypotensive episodes during HD treatment and
could not be recruited. Further, in study | patients having Cimino fistulas in both
arms had to be excluded. In addition, patients not capable of staying still during
ECW monitoring were excluded. In studies Il-111 40 percent of patients had
diabetic nephropathy and none in study I.

Since the number of patients in the present series was small, the question
arises of possible selection biases in the studies. However, the objective here was
to study correlations between different factors, e.g. ECW to dVCG parameters
and the patients served as their own control. Thereby, the representativeness of
the study population in comparison with the whole HD population in the unit may
not be the key element. In studies 1V-V, a comparison was made between the
study population and other HD patients in the unit and the mean weight changes
and mean UF did not differ. The cohort in studies 1V-V included fewer patients
with diabetes and more patients with glomerulonephritis and adult dominant
polycystic disease compared with the HD population in the unit. From the
physiological standpoint, the relevance of the results is strengthened through the
exclusion of hemodynamically unstable patients. In studies 1V-V, elimination of
the effect of refilling during the HD phase would have required a study design in
which isovolemic dialysis is followed by UF alone. No such design was carried
out, because during isovolemic dialysis the rapid rate of solute removal results in
an abrupt fall in plasma osmolality which contributes to the development of
hypotension during the quite short UF phase (Bergstrom et al. 1976).

90



5.2 Volume changes, pANP and blood pressure

5.2.1 Volume changes

The results of study | show an increase in daytime SBP during the second
interdialytic day compared to that of the dialysis day. This increase correlated
with interdialytic weight gain. In patients on chronic HD, a positive correlation
between increased ECW or weight gain and hypertension has been reported only
in some studies (Fishbane et al. 1996, Lins et al. 1997, Katzarski et al. 1999b,
Ozkahya et al. 1999, Chen et al. 2002, Leypoldt et al. 2002). In addition, only a
small number of studies have found a relationship between ABP and weight gain
during the interdialytic period (Ventura et al. 1997, Sorof et al. 1999). In most
studies no relationship has been observed between volume status (weight gain)
and ABP in HD patients (Kooman et al. 1992, Luik et al. 1994a, Luik et al.
1994b, Rodby et al. 1994, Chazot et al. 1995, Huisman et al. 1995, Lingens et al.
1995, Coomer et al. 1997, Savage et al. 1997, Santos et al. 2003).

The use of antihypertensive medication is suggested to be an important
confounder explaining the discrepancies in the results, since vasoactive
medication could reduce vascular resistance and change the effect of increased
volume on BP (Santos et al. 2003). Indeed, in a study by Ventura and Sposito
(1997) volume expansion was directly correlated with mean BP only in patients
not receiving antihypertensive drugs. In the present study, none of the patients
was on antihypertensive medication at the time of the study. In addition, the basal
levels of ECW and BP in the patients studied may account for the differences,
since hypertensive patients are more sensitive to an increase in BP during the
volume gain than normotensive ones (Ventura et al. 1997). In the state of
increased ECW, a quite small fluid volume will increase BP (Ritz 1999). In the
present study, BP was well controlled and it is justifiable to believe that most of
the patients were at their true dry weight and no very substantial changes in BP
were expected during the interdialytic period.

Data collected from the US Renal Data System strongly support the
conception that interdialytic weight gain is an important factor affecting BP in
HD patients. In one large study population there was a positive correlation
between BP and interdialytic weight gain in patients with severe hypertension,
but not in normotensive patients (Rahman et al. 2000). In another study by
Rahman's group (1999) there was a linear increase in DBP with increasing
interdialytic weight gain only in hypertensive patients.

Groups under Fagugli (2001) and Chen (2002) have found an association
between BP and fluid overload, which was measured by BIA as ECV %. A
relationship between ECV and BP was likewise observed when Swedish
normotensive and hypertensive HD patients were compared with normotensive
patients in Tassin (Katzarski et al. 1999b). In a prospective study of 3-4 months
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SBP and DBP were reduced only in HD patients who showed a reduction in ECV
(Katzarski et al. 2003).

In summary, the results of study | bespeak a role for volume retention in the
pathogenesis of hypertension in HD patients.

5.2.2 pANP and blood pressure

In a number of studies evaluating BP in HD patients, ANP levels in plasma have
been used as an indicator of volume status. Antonicelli and colleagues (1989)
found that pre- and post HD pANP levels were higher in hypertensive than in
normotensive patients. Fishbane and coworkers (1996) verified the finding. In
their study HD patients with dialysis refractory hypertension had very high pre-
and postdialytic pANP levels in comparison to normotensive HD patients.
Patients with any history of cardiac disease were excluded from the study.

In the present study, the increase in daytime SBP did not correlate with
changes in ANP. However, ANP may have an effect on BP regulation during the
interdialytic period. Luik and associates (1997) found that interdialytic fluid
loading increased intravascular volume and CO but reduced SVR, resulting in no
change in interdialytic BP. ANP may be the factor which reduces SVR, since the
chronic hypotensive effect of ANP is primarily mediated by a reduction in SVR
(Melo et al. 2000). ANP has also been shown to exert a generalized
sympatholytic effect, and ANP-mediated attenuation of CV sympathetic tone
could be the effector mechanism for the chronic vasodilatory action of this
hormone (Lang et al. 1991, Melo et al. 2000).

In animal studies, ANP infusion has been shown to shifts fluid from the
intravascular to the interstitial compartment and reduce BP (Maack 1996). Also
in patients on chronic HD, intravenous pharmacological doses of ANP shifts fluid
from the intravascular to the interstitial space and reduces BV and BP (Jespersen
et al. 1990). Wallin and colleagues (2004) observed a close correlation between
serum ANP, BV and SBP during HD, which resulted in a significant decrease in
weight. Mallamaci and group (1994) tested the effect of ANP infusion on the
hemodynamic response in HD patients. Doubling of the pANP concentration did
not affect SBP, DBP or HR. In studies by groups under Deray (1990) and DE
Chatel (1991) changes in pANP during HD did not correlate with the changes in
BP. Further, pANP levels were similar in hypotensive and normotensive HD
patients (Armengol et al. 1997).

There was a prolonged decrease in pANP after the HD session in the present
study. Although pANP remains at a low-level 2 h after dialysis (Wallin et al.
2004), a prolonged decrease has not previously been described. Dialysis increases
LV contractility (Chaignon et al. 1982, Nixon et al. 1983) and improves left atrial
mechanical function (Yilmaz et al. 2002). In addition, the correction of acidosis
may reduce ANP secretion from the atrium (Tavi et al. 1999). Thus, HD possibly
reduces ANP secretion.
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Wallin and coworkers (2004) measured central BV, CO, SV and serum ANP
before, immediately after and 2 hours after HD. They observed that the
circulatory performance, as indicated by a high HR, small SV and low SBP, was
depressed two hours after HD. In spite of this, serum ANP remained low,
indicating that low atrial pressure and reduced atrial distension are responsible for
the delayed decrease in ANP concentration.

In the aforementioned study by Wallin's group (2004) HD resulted in a
significant increase in HR and a reduction in SV and CO. It is hence also possible
that in the present study acute hemodynamic stress during the dialysis session
kept pANP levels inappropriately high in relation to changes in preload and atrial
stretch. The decrease in pANP due to volume reduction would thus become
manifest only after these acute hemodynamic changes had ceased. This probably
also explains why in three of our patients pANP increased during HD.

In summary, the role of pANP in the CV responses to acute ECV changes is
unclear and the lack of correlation between ANP and BP levels suggests that
ANP is not implicated in the pathogenesis of hypertension in HD patients.

5.2.3 Day-night difference in blood pressure

In contrast to most other studies, here the day-night difference in BP was
preserved and persisted in most patients during the interdialytic period. Volume
overload has been thought to constitute the main reason for loss of diurnal
variation in BP in HD patients, although the exact cause is unclear (Baumgart et
al. 1991, Elisaf et al. 1996, Narita et al. 2001). The present study does not support
the conception of volume expansion as an etiologic factor in non-dipping.

In spite of the interdialytic weight gain, patients in the present study exhibited
no more non-dipping profiles in the second interdialytic day than in the first. In
addition, Luik and associates (1994b) have reported a clear nocturnal BP
reduction in HD patients. As in the present study, antihypertensive medication
was stopped some weeks prior to the study to exclude the influence of medication
on BP diurnal variation (Luik et al. 1994b).

It can be postulated that patients in study | did not lose their normal diurnal
BP variation due to quite small interdialytic weight gain. An average weight gain
in the present study was 1.3 kg and about 2.8 kg in a Luik's study (1994b). Thus,
even a rather marked increase in interdialytic weight seems not to reduce BP
variability (Luik et al. 1994b). Further evidence exists against the role of volume
excess in the etiology of non-dipping in HD patients. In the Tassin HD
population, most patients are non-dippers despite small interdialytic weight gain
(Chazot et al. 1995). Normalization of BP and reduction of ECW on short daily
HD (Fagugli et al. 2001) or extended HD (Fagugli et al. 2006) do not restore the
normal day-night BP ratio.

The nightly BP decline is most severely blunted in hypertensive HD patients
(Kooman et al. 1992, Elisaf et al. 1996). Hence, the reason why most patients in
study | evinced near-normal diurnal BP variation could be that their BP was well
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controlled. The finding in the current study that the BP variation in one patient
returned to normal after reduction of BP by antihypertensive medication supports
this theory. On the other hand, around 60 % of the Tassin patients have a non-
dipping BP profile despite normotension (Chazot et al. 1995).

Factors other than volume expansion may cause a loss of diurnal-nocturnal
BP variation in HD patients. The prevalence of autonomic neuropathy and
diabetes in the study population and the age of the patients studied may have an
effect on BP variability. Non-dipping is for instance linked to autonomic
dysfunction in these patients (Liu et al. 2003). Increased sympathetic nervous
activity (Converse et al. 1992b) may be the reason for the loss of nocturnal
increase in pANP and increase in nocturnal BP in ESRD patients (Portaluppi et
al. 1992). In a study by under Lingens (1995) ANP correlated with both mean
daytime BP and nighttime BP in pediatric HD patients.

There may also be other reasons for the contradictory results on BP variation
in HD patients. The definition of night, the frequency of BP measurements during
the nighttime and the statistical method to demonstrate the diurnal pattern of BP
varies in different studies. One confusing factor is the reproducibility of the
decrease in BP during sleep. In one recent study, up to 43 % of the subjects
changed their dipping category within or between interdialytic periods (Peixoto et
al. 2000). In contrast, the night/day systolic ratio was highly reproducible in 168
non-diabetic Italian patients on HD (Tripepi et al. 2005).

The rapid rise in BP which occurred just prior to the next dialysis has also
been described in previous studies (Kooman et al. 1992, Lingens et al. 1995,
Mitra et al. 1999). The effect seems not to be dependent on weight gain (Mitra et
al. 1999). Factors such as arousal and emotional reactions with the initiation of
dialysis in a busy environment may play a role in the pathogenesis of the
phenomenon.

In summary, interdialytic weight gain does not induce loss of the circadian
rhythm of BP in HD patients. Diurnal BP variation is preserved as long as BP is
adequately controlled either by volume control or by drug treatment. A rapid rise
in BP often occurs immediately prior to the next dialysis.

5.3 Dynamic ischemia monitoring

5.3.1 Volume changes

The results of studies I1-1V indicate that QRS amplitude and dVCG parameters
QRS-VD and STC-VM are greatly dependent on volume changes. QRS-VD and
STC-VM, but not ST-VM, alter significantly during HD with UF or during
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isolated UF. An increase in QRS amplitude during HD with simultaneous UF was
observed in study 1. HD without UF did not affect any of these parameters.

In earlier studies, an increase in QRS amplitude after HD has been observed
on standard ECG (Diskin et al. 1981, Ono et al. 1983, Wizemann et al. 1983,
Fuenmayor et al. 1993, Madias et al. 2003a), on VCG (Ishikawa et al. 1979,
Vitolo et al. 1987) and on body surface maps (Kinoshita et al. 1993). Some
authors (Ono et al. 1983, Vitolo et al. 1987, Kinoshita et al. 1993), but not all
(Diskin et al. 1981, Fuenmayor et al. 1993) have found a relationship between
increase in QRS amplitude and reduction in body weight. One explanation for the
different results might be variations in methodology. In earlier studies evaluation
of the BV reduction on HD was based on singular body weight and hematocrit
measurement. In the present study continuous BV measurement and ECW
determinations at 15-min intervals were used. Another reason for the conflicting
results may be the quantity of weight reduction. In study Il, the mean weight
decrease was 1.9 kg and in studies with no correlation between QRS amplitude
and body weight the decrease was much lower.

According to the Brody effect, a decrease in intracardiac blood or heart
volume will lead to decrease in QRS potentials (Brody 1956). However, in the
present study a marked reduction in BV was followed by an increase in QRS
amplitude. Ishikawa and colleagues (1983) investigated the influence of sauna
bathing on body surface potentials and found that sauna caused an increase in
QRS amplitude, which was accompanied by a reduction in circulating BV and a
decrease in heart intracavitary BV. These findings are compatible with the results
of some other studies (Vitolo et al. 1987, Oreto et al. 1992). The result of the
present study is in conflict with the Brody effect and the Brody theory may thus
not explain the increase in QRS amplitude during HD with UF.

In study 11, a close connection was found between changes in QRS amplitude
and changes in ECW. Thus, the mechanism of the augmentation of QRS
amplitude during HD with UF may be associated with changes in water content in
the tissues (ECW). During HD-related UF the water content of tissues is reduced,
with the result that the electrical resistance of extracardial tissues increases and
shunting of the electrical current diminishes. The increased resistance in the
presence of a stable current leads to an increase in QRS amplitude (Rudy et al.
1979). The results of studies Il-1V are in agreement with those of Bayley and
Berry (1962), who showed in a nonhomogeneous conductivity model that an
increase in “body trunk™ resistivity causes an increase in body surface potentials.

The results of the present series indicate that QRS-VD is the most sensitive of
the dVCG parameters to the influence of volume changes. Nevertheless, in study
IV QRS-VD correlated to ECW but not to BV during isolated UF. A close
relation between changes in ECW and QRS-VD is reasonable, since it is precise
ECW, which conducts electrical current to the body surface. The lack of
correlation with BV and QRS-VD is due to the refilling effect shifting continually
fluid from the interstitial space to the blood compartment with various amounts
and timing in individual patients. The refilling was continuous during study 1V,
but was clearly visible during the HD phase.
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An increase in STC-VM during HD with UF (I11), but not during isolated UF
(1V), was related to changes in both ECW and BV. Certain factors could explain
this discrepancy. The increase in STC-VM was much less marked during isolated
UF than during HD with UF. The rate and timing of UF were also different in
these studies. Finally, the individual variation in the trend of STC-VM was fairly
large in the isolated UF study (V).

In study I, parallel QRS-VD and ST-VM artefacts related to changes in body
position were observed. These findings are not fully compatible with results of
earlier studies in which different body positions caused major changes in QRS-
VD but affected ST-VM and STC-VM only to a minor degree (Dellborg et al.
1992, Jensen et al. 1997, Gannedahl et al. 1997a, Norgaard et al. 1999). It is
obvious that body position changes cause variations in heart and electrode
positions, which can affect dVCG parameters. However, a QRS-VD increase in
sitting or upright position may not be solely explained by positional changes.
During head up tilt, blood is shifted from the thorax to the lower body and the
electrical resistance of the tissues around the heart increases, partly explaining the
positional increase in QRS-VD. On the other hand, in the present studies ST-VM
was not dependent on changes in BV or ECW. The reason may be that ST-VM is
generated during the isoelectric phase of cardiac electrical activity. If the initial
deviation of the ST-segment from the isoelectric phase is zero, then volume-
related amplitude changes would not appear. It is thus obvious that the cause for
the similar behavior of QRS-VD and ST-VM during body position changes
cannot be completely explained on the basis of the present findings.

5.3.2 Biochemical parameters

An essential finding in the present series was that HD with minimal UF had no
effect on any dVCG parameters. On the other hand, during HD with UF or during
isolated UF only parameters which stand in relation to changes in volume or
osmotic pressure, had some correlation to QRS-VD or STC-VM.

The sodium-induced changes in ECG are of little clinical significance, as the
levels necessary to alter action potential are incompatible with life (Cooksey et al.
1977). There are few studies evaluating the effect of sodium on dVCG
parameters. Ono and associates (1983) have demonstrated that an increase in
QRS amplitude and depression of the ST-segment are significantly more frequent
when patients are dialysed with a low sodium dialysate (133 mEq/l) than when
the sodium concentration is raised (141 mEq/1). Their conclusion was that when a
low sodium dialysate (133 mEq/l) is used, intravascular refilling is not rapid
enough to prevent hypovolemia, and this may lead to myocardial ischemia.
During UF a dialysate sodium concentration higher than that of the serum
maintains ECV better than a lower sodium dialysate (DE Vries et al. 1994).
Therefore, the increase in QRS amplitude is not so marked and for the same
reason ST-segment changes, if they occur, are milder. Additional sodium in the
contrast medium in patients undergoing cardioangiography does not change QRS-
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VD more than a normal sodium concentration (Flinck et al. 1994). Severe
hyperkalemia (over 6.5 mmol/l) may widen the QRS complex and reduce its
amplitude (Surawicz 1967). Plasma potassium concentrations decreased
significantly after HD with UF and during isolated UF, but no significant
correlation was found between dVCG parameters and potassium. In the present
studies, the mean plasma concentrations were clearly under the level mentioned
above.

5.3.3 Myocardial ischemia

In studies 11-1V, some of the patients evidenced QRS-VD or STC-VM changes,
which fulfilled the criteria of myocardial ischemia. These changes were most
probably related more to volume changes than to myocardial ischemia, since they
were dependent on changes in ECW and BV. If these changes on dVCG
parameters were caused by ischemia, they would presumably be more serious in
patients with CAD. In addition, none of the patients studied had symptoms of
coronary ischemia during the HD session. However, it must be taken into account
that myocardial ischemia can exist in HD patients without any symptoms. There
is furthermore an argument, which counters the role of myocardial ischemia in
the pathogenesis of QRS-VD and STC-VM changes during the HD session.
Myocardial ischemia sometimes causes only directional ST vector changes and in
non-HD patients STC-VM may detect myocardial ischemia with a higher
sensitivity than ST-VM (Jensen et al. 1994). However, in another study STC-VM
and ST-VM quite congruently detected myocardial ischemia (Lundin et al. 1998),
and it is reasonable to assume that simultaneous changes in ST-VM and STC-VM
will be observed during ischemia. Likewise, Bos and coworkers (2000) have
demonstrated in nine chronic HD patients that during isolated UF the balance
between cardiac oxygen supply and demand did not decrease, but improved
slightly despite substantial changes in hemodynamics.

Earlier studies have demonstrated that the value of using QRS-VD for the
detection of myocardial ischemia is limited, because several mechanisms other
than ischemia or volume changes also cause changes in the QRS complex
(Rosenthal et al. 1971, Sutherland et al. 1983, Feldman et al. 1985). The results of
the present studies indicate that QRS-VD and STC-VM are not reliable in
screening for myocardial ischemia during the HD session. On the other hand, the
ST-VM was not influenced by volume changes and should be more suitable for
the detection of myocardial ischemia during the HD session.

Myocardial ischemia is suggested to increase QRS amplitude (Diskin et al.
1981, Ono et al. 1983). However, no objective evidence of myocardial ischemia
was presented in the studies in question. Likewise, in the present studies
myocardial ischemia was not absolutely excluded. The serologic diagnosis of
myocardial ischemia is difficult since in HD patients elevations of troponins are
frequently found without clinical evidence of myocardial disease (Li et al. 1996,
McLaurin et al. 1997, Apple et al. 2002). For this reason, measurements of
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troponin concentrations were not used as a marker of myocardial ischemia in the
present series.

The ability of dVCG and two-channel Holter monitoring to detect ischemic
episodes has been compared in non-uremic patients with unstable angina pectoris
(Dellborg et al. 1995). The authors concluded that dVCG detected ischemia with
higher sensitivity than did Holter ECG. There are no data comparing these two
methods during the HD session. In many recent studies (Zuber et al. 1989,
Kremastinos et al. 1992, Shapira et al. 1992, Singh et al. 1994, Conlon et al.
1998) non-ischemic ST-segment changes during the HD session on Holter
monitoring seem to be highly prevalent. Thus, dVCG may be a more specific
method for the detection of myocardial ischemia than Holter in HD patients.

5.4 Doppler-derived indices of diastolic function

In study V, HD with isolated UF resulted in a marked decrease in E and A wave
velocity but not in the E/A ratio. Isolated UF markedly reduced BV, which in turn
is closely associated with changes in preload and left atrial pressure. There was
also a trend towards a reduction in LAD and LVEDD, which equally reflects
changes in left atrial pressure (Kinet et al. 1982). Hence, the present findings
indicate that a change in preload and left atrial pressure has an effect on both E
and A wave velocity.

5.4.1 E and A wave velocities

The most prominent changes were detected in the peak E wave velocity. This
finding is similar to those recorded in earlier studies evaluating the effect of HD
on Doppler echocardiographic parameters (Rozich et al. 1991, Sadler et al. 1992,
Gupta et al. 1993, Sztajzel et al. 1993, Chakko et al. 1997, Uusimaa et al. 1999,
Agmon et al. 2000, Chamoun et al. 2002, Ie et al. 2003, Barberato et al. 2004,
Hayashi et al. 2004, Oguzhan et al. 2005, Vignon et al. 2007). In addition to the
changes in the preload and left atrial pressure, the decrease in E wave velocity
may be explained by an increase in afterload (Choong et al. 1988). According to
study V, in which BP did change, this mechanism is not probable.

Most studies have reported that dialysis-related reduction in preload does not
reduce A wave velocity. However, in some studies has also A wave velocity
diminished, albeit usually less than E wave velocity (Dincer et al. 2002, Graham
et al. 2003, Hung et al. 2004b, Hung et al. 2004a). The maximal velocity of the A
wave depends among other factors on HR and the contractility of the left atrium
(Nishimura et al. 1997). A decrease in HR, even within the physiological range,
reduces atrial velocities. Although patients in study V evinced significant
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decreases in heart rates and A wave velocity during the UF phase, no correlation
was observed between these parameters.

The normal hemodynamic response in HD patients to intravascular volume
depletion is an increase in HR. The HR response to BV reduction during HD with
UF has varied in different studies. In some, there was no change in HR (Rozich et
al. 1991, Gupta et al. 1993, Sztajzel et al. 1993, Chakko et al. 1997, Chamoun et
al. 2002, Graham et al. 2003, Koga et al. 2003, Vignon et al. 2007). On the other
hand, other reports have shown a clear increase in HR (Agmon et al. 2000, Hung
et al. 2004b, Hung et al. 2004a, Galetta et al. 2006). Hemodynamic changes
during isolated UF are different from those observed during conventional dialysis
with UF. During UF without dialysis, much more rapid UF is tolerated without a
fall in BP or increase in pulse rate (Bergstrom et al. 1976). This is the reason why
the HR decreased during isolated UF in study V. The decrease may explain the
marked reduction in A wave velocity.

The myocardium increases its strength of contraction in response to an
increase in HR (Bombardini 2005). Therefore, the decrease of HR during isolated
UF in the present study may have caused a reduced contractility of the atrium and
the observed decrease in A wave velocity. Isolated UF as such does not have an
effect on myocardial contractility and SV decreases with a decrease in preload
(Nixon et al. 1983). In contrast, conventional HD with or without UF increases
atrial and LV myocardial contractility (Nixon et al. 1983, Yilmaz et al. 2002,
Hayashi et al. 2004). It is hence highly probable that the decrease in the
contractility of the myocardium with a simultaneous decrease in HR explains the
pronounced diminution of the A wave during isolated UF.

One confusing factor in the results of the different studies may be the wide
interpatient variation of the HR response to BV reduction (Andrulli et al. 2002).
A co-existent background disease may also determine the myocardial response to
HD. In a study by Govind and coworkers (2006) systolic and diastolic myocardial
function improved only in patients who did not have type 2 diabetes and/or CAD
(Govind et al. 2006). In addition, the baseline values of A wave and LV filling
pressures seem to have on effect on the behavior of the A wave (Courtois et al.
1988b, Ruffmann et al. 1990, Sadler et al. 1992, Hurrell et al. 1997). The
conception that an association between volume changes and A wave velocity
observed during isolated UF is supported by observations that changes in both E
and A wave are most striking in HD patients with a high UF rate (Hung et al.
2004a, Hsiao et al. 2005). In addition, the decrease in A wave velocity is mainly
observed in studies in which BP diminishes, probably reflecting a considerable
reduction in the preload (Agmon et al. 2000, Hung et al. 2004b, Hung et al.
2004a). In the current study, however, the decrease in A wave velocity was not
associated with a decrease in BP. In animal studies (Courtois et al. 1988b) and in
subjects with normal diastolic function (Nishimura et al. 1997), an acute decrease
in preload reduces the E and A peak velocities proportionately. On the other
hand, acute volume loading in non-dialysis patients increases both E and A wave
velocities (Stoddard et al. 1989).

Uremic serum acutely induces impaired recovery of cardiac myocyte calcium
concentration and impairs relaxation (Periyasamy et al. 2001). Thus, the
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elimination of uremic substances during HD may enhance the diastolic function
of the heart. In the present study both E wave and A wave velocities increased
during the HD phase, although the increase in the A wave was not statistically
significant. However, these increases may be due more to the fluid refilling from
the extracellular space to the blood space than to the removal of uremic toxins.

In the present study, a very mild but statistically significant rise was observed
in the plasma concentration of ionized calcium correlating with the decrease in E
during the UF phase. This rise in ionized calcium may be due to the Donnan
effect, wherein a change in the concentration of negatively charged albumin
causes a small parallel change in the concentration of positively charged calcium
(Thode et al. 1983). A more profound increase in plasma calcium than observed
here may impair LV relaxation in patients with CRF and in patients on combined
UF-HD (Virtanen et al. 1998a, Néppi et al. 1999). In contrast in one study, an
increase in ionized calcium during HD without UF did not lead to a change in
Doppler parameters of LV diastolic function (Ie et al. 2004). It appears that
changes in the parameters of LV diastolic function during isolated UF are related
to changes in preload but not to changes in ionized calcium.

In summary, both E wave and A wave velocity are dependent on preload. E
and A wave velocities were so consistently dependent on preload that their ratio
was not affected by isolated UF or HD with minimal UF.

5.4.2 Isovolumic relaxation time and deceleration time

The predialytic IVRT was prolonged in 10 out of 11 patients studied (V). IVRT is
also load-dependent, since a decrease in left atrial pressure leads to delayed mitral
valve opening and prolongs IVRT (Rozich et al. 1991, Sadler et al. 1992,
Nishimura et al. 1997). The finding in the present study that IVRT was further
lengthened during the UF phase is in accordance with such a mechanism. The
prolongation of IVRT is associated with LVH, which was present in all of the
patients studied. Increased LV chamber stiffness and prolongation of IVRT also
occurs during myocardial ischemia (Barry et al. 1974, Aroesty et al. 1985).
Ischemia is an unlikely explanation for the prolongation of IVRT, since no real
ischemic changes were found in dVCG monitoring during the study.

The behavior of DT during the study was similar to that of IVRT. In contrast,
a group under Chakko (1977) observed no change in DT during isolated UF. As a
whole, earlier studies have yielded conflicting results regarding the behavior of
IVRT and DT during HD (Gupta et al. 1993, Agmon et al. 2000, Chamoun et al.
2002, Graham et al. 2003, Hung et al. 2004b, Hung et al. 2004a). However, most
have demonstrated either an increase or a trend towards an increase in DT and
IVRT. The prolongation of IVRT and DT during HD, as in the UF phase in the
current study, obviously reflects more changes in the fluid state than deterioration
in relaxation. Changes in preload due to refilling during the HD phase were
obviously too slight to affect IVRT or DT. The increase in the plasma
concentration of calcium during the UF phase is apparently too small to impair
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LV relaxation and to prolong DT and IVRT (Rostand et al. 1988, Rozich et al.
1991, Nappi et al. 1999).

In summary, the results of this study demonstrate that the LV diastolic filling
parameter IVRT, and lesser DT, are affected by UF and preload but not by HD.

5.4.3 Hemodynamic changes

At the start of study V, patients were overloaded with fluid and were in a
hyperdynamic CV state. Fluid retention increased preload and led to
pseudonormalisation of echocardiographic parameters of the LV diastolic
function. Thus, there was an abnormal predialytic increase in the velocities of E
and A waves and a diminution in the IVRT and DT. The diminution of preload
during the UF phase led to notable hemodynamic responses: HR, SV and CO
decreased, reflecting the recovery of the patients from the hyperdynamic state.
UF abolished the pseudonormalisation of the LV diastolic function parameters
and values with higher accuracy were measured at the end of the UF phase.
Refilling from the tissues during the HD phase increased BV and the changes in
HR, SV and CO were opposite to those observed in the UF phase.

In summary, changes in the parameters of diastolic function during UF
obviously do not reflect deterioration in diastolic function but rather recovery
from the hyperdynamic CV state caused by fluid retention.
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6 Summary and conclusions

1. In hemodialysis patients weight gain between two dialysis sessions increases
the daytime systolic blood pressure but not the diastolic blood pressure. Diurnal
blood pressure variation is maintained as long as blood pressure is adequately
controlled either by volume control or by drug treatment.

2. The increase in QRS amplitude during a hemodialysis session is significantly
correlated to reduced extracellular fluid volume and the mechanism involved is
most probably augmentation of electrical resistance caused by loss of interstitial
fluid. This hemodialysis related increase in QRS amplitude should not be taken as
an indicator of left ventricular hypertrophy or myocardial ischemia unless clinical
symptoms or other indices are present.

3. During hemodialysis treatment changes in the dynamic vectorcardiographic
ischemia monitoring parameters QRS-VD and STC-VM are mostly related to
extracellular fluid volume and blood volume changes, and may give a false-
positive impression of myocardial ischemia. The ST-VM trend is less influenced
by volume changes.

4. Isolated ultrafiltration leads to an increase in the dynamic vectorcardiographic
ischemia monitoring parameters QRS-VD and STC-VM. The increase in QRS-
VD is closely related to changes in extracellular fluid volume. Hemodialysis with
minimal ultrafiltration has no effect on dynamic vectorcardiographic ischemia
monitoring parameters. During hemodialysis ultrafiltration causes changes in
dynamic vectorcardiographic ischemia monitoring parameters and may give a
false-positive impression of myocardial ischemia.

5. In hemodialysis patients ultrafiltration affects parameters used to evaluate left
ventricular diastolic function (E, A, IVRT). However, the E/A ratio is not
affected by isolated ultrafiltration or hemodialysis with minimal ultrafiltration.
IVRT seems to indicate left ventricular diastolic dysfunction before and after
ultrafiltration and is not affected by hemodialysis. The appropriate time to
evaluate left ventricular diastolic function in dialysis patients calls for further
studies, but it could be some hours after dialysis, when plasma refilling is over
and there is not yet an weight gain.

102



7 Acknowledgements

This study was carried out at the Medical School, University of Tampere and at
the Department of Medicine, Tampere University Hospital.

I would like to express my profound gratitude and respect to my supervisor
emeritus Professor Amos Pasternack, M.D, the former Head of the Department of
Medicine, University Hospital of Tampere. It has been a great privilege for me to
enjoy his lectures, to specialize in internal medicine and nephrology in his clinic,
to work in the clinic led by him and finally to prepare this dissertation under his
stimulating guidance.

My warmest and most sincere thanks to my other supervisor Professor Jukka
Mustonen, M.D., for his patient guidance, constructive criticism and valuable
comments during this study.

I am truly grateful to Docent Kari Pietild, M.D., Head of the Department of
Internal Medicine, for his guidance and advices during the first years of this long
lasting project. During the later years, we have had many common memorable
moments in the context of orienteering. Most of these moments are documented
as photos.

I warmly thank Docent Vesa Virtanen, M.D., for performing
echocardiographic examinations, for his expert comments during the preparation
of the original publications and for his positive and motivating encouraging
during difficulties. During the black spots we have had many virtual journeys to
our common affection, Lapland.

I owe profound gratitude to Docent Tiit Kodbi, M.D., for his significant
contribution to the planning of this study. He has always had time for discussion
to solve my many technical and scientific problems. During these years I have
learned at least one thing. Finland has one friend: Estonia, Estonia and Estonia.

My warm thanks to Pédivi Korhonen, M.D, for her assistance in studying
patients in the hemodialysis unit. Those were busy and hard days, however, filled
with desire for knowledge and long discussions about literature. And I may never
forget her profound interest to ancient history and historical places.

I wish to honor the memory of Professor Pekka Laippala, Ph.D., for his expert
advices in the field of statistics. I am greatly indebted to Anna-Maija Koivisto,
Ph.D., for performing very demanding mixed model statistical analyses.

I wish to express my deep gratitude to the official reviewers of this
dissertation, Docent Raimo Kettunen, M.D., and Docent Eero Honkanen, M.D.,
for their constructive criticism and advice concerning the manuscript.

I warmly thank my dear cousin Docent Mikko Ojanen, Ph.D, for his clever
comments during finishing this dissertation.

The whole staff of the Tampere University Hospital Dialysis Unit deserves
my warm thanks for their excellent collaboration during the study. I am also most
thankful to all the patients who took part in this study for their co-operation.

103



I am truly grateful to the entire personnel of the Department of Nephrology
for their mental and practical help during this study.

I am most thankful to Robert MacGilleon, M.A., for careful and educational
revision of the English language of the original communications and this thesis.

I am very thankful to Sisko Kammonen and Raila Melin at the Medical
Library of the University of Tampere for their professional help.

I appreciate the skilful secretarial work of Miss Pdivi Laaksonen.

I owe my deepest gratitude to my beloved wife Ulla and my lovely daughters
Outi, Maija and Aino for their never failing support throughout these years.
Without this support and this thesis would not have been completed.

I wish to thank my pug Robert for his warm friendship and constant staring
during our common nighttime visits to the refrigerator during this study.

Finally, I wish to honor the memory of my recently passed brother Taisto who
already logged the day of this dissertation on his diary.

This work was financially supported by the Medical Research Fund of
Tampere University Hospital.

Kangasala, November 2007

Seppo Ofarers

104



8 References

Abe S, Yoshizawa M, Nakanishi N, Yazawa T, Yokota K, Honda M, Sloman G (1996):
Electrocardiographic abnormalities in patients receiving hemodialysis. Am.Heart J.131:1137-
1144.

Abrahamsson P, Andersen K, Grip L, Wallentin L, Dellborg M (2001): Early assessment of long-
term risk with continuous ST-segment monitoring among patients with unstable coronary
syndromes. Results from 1-year follow-up in the TRIM study. J.Electrocardiol.34:103-108.

Abrahamsson P, Andersen K, Eriksson P, Dellborg M (1999): Prognostic value of maximum ST-
vector magnitude during the first 24 h of vectorcardiographic monitoring in patients with unstable
angina pectoris. Eur.Heart J.20:1166-1174.

Agarwal R (2007): Ambulatory blood pressure and cardiovascular events in chronic kidney
disease. Semin.Nephrol.27:538-543.

Agarwal R, Andersen MJ, Bishu K, Saha C (2006): Home blood pressure monitoring improves
the diagnosis of hypertension in hemodialysis patients. Kidney Int.69:900-906.

Agarwal R (2002): Assessment of blood pressure in hemodialysis patients. Semin Dial.15:299-
304.

Agarwal R, Lewis R, Davis JL, Becker B (2001a): Lisinopril therapy for hemodialysis
hypertension: hemodynamic and endocrine responses. Am.J.Kidney Dis.38:1245-1250.

Agarwal R and Lewis RR (2001b): Prediction of hypertension in chronic hemodialysis patients.
Kidney Int.60:1982-1989.

Agarwal R (1999): Role of home blood pressure monitoring in hemodialysis patients. Am J
Kidney Dis.33:682-687.

Agmon Y, Oh JK, McCarthy JT, Khandheria BK, Bailey KR, Seward JB (2000): Effect of volume
reduction on mitral annular diastolic velocities in hemodialysis patients. Am.J.Cardiol.85:665-8,
All.

Akkerhuis KM, Klootwijk PA, Lindeboom W, Umans VA, Meij S, Kint PP, Simoons ML (2001):
Recurrent ischaemia during continuous multilead ST-segment monitoring identifies patients with
acute coronary syndromes at high risk of adverse cardiac events; meta-analysis of three studies
involving 995 patients. Eur.Heart J.22:1997-2006.

Alehagen U, Lindstedt G, Eriksson H, Dahlstrom U (2003): Utility of the amino-terminal
fragment of pro-brain natriuretic peptide in plasma for the evaluation of cardiac dysfunction in
elderly patients in primary health care. Clin.Chem.49:1337-1346.

Almirez R and Protter AA (1999): Clearance of human brain natriuretic peptide in rabbits; effect
of the kidney, the natriuretic peptide clearance receptor, and peptidase activity.
J.Pharmacol.Exp.Ther.289:976-980.

Alvarez-Lara MA, Martin-Malo A, Espinosa M, Rodriguez-Benot A, Aljama P (2001): Blood

pressure and body water distribution in chronic renal failure patients. Nephrol Dial Transplant.16
Suppl 1:94-97.

105



Amann K, Ritz C, Adamczak M, Ritz E (2003): Why is coronary heart disease of uraemic patients
so frequent and so devastating? Nephrol.Dial. Transplant.18:631-640.

Amann K and Ritz E (1997): Cardiac disease in chronic uremia: pathophysiology.
Adv.Ren.Replace.Ther.4:212-224.

Amann K, Mall G, Ritz E (1994a): Myocardial interstitial fibrosis in uraemia: is it relevant?
Nephrol.Dial. Transplant.9:127-128.

Amann K, Ritz E, Wiest G, Klaus G, Mall G (1994b): A role of parathyroid hormone for the
activation of cardiac fibroblasts in uremia. J.Am.Soc.Nephrol.4:1814-1819.

Ammash NM, Seward JB, Bailey KR, Edwards WD, Tajik AJ (2000): Clinical profile and
outcome of idiopathic restrictive cardiomyopathy. Circulation.101:2490-2496.

Andersen K, Eriksson P, Dellborg M (1996): Ischaemia detected by continuous on-line
vectorcardiographic monitoring predicts unfavourable outcome in patients admitted with probable
unstable coronary disease. Coron.Artery Dis.7:753-760.

Andersen MJ, Khawandi W, Agarwal R (2005): Home blood pressure monitoring in CKD.
Am.J Kidney Dis.45:994-1001.

Andersson U, Sylven C, Lindvall K, Theodorsson E, Noree LO (1988): Cardiac function and
cardiovascular hormone balance during hemodialysis with special reference to atrial natriuretic
peptide. Clin.Nephrol.30:303-307.

Ando Y, Tabei K, Shiina A, Asano Y, Hosoda S (1985): Ultrasonographic evaluation of changes
in the inferior vena caval configuration during hemodialysis: Relationship between the amount of
water removed and the diameter of the inferior vena cava. Jap J Soc Dial Ther.18:173-179.

Andrulli S, Colzani S, Mascia F, Lucchi L, Stipo L, Bigi MC, Crepaldi M, Redaelli B, Albertazzi
A, Locatelli F (2002): The role of blood volume reduction in the genesis of intradialytic
hypotension. Am.J.Kidney Dis.40:1244-1254.

Antonicelli R, Melappioni M, Campanari G, Foschi F, Panichi N, Paciaroni E (1989): Evaluation
of plasmatic ANP levels in subjects affected by essential arterial hypertension and in a group of
patients undergoing dialysis. Int.J.Cardiol.25 Suppl 1:S17-23.

Apple FS, Murakami MM, Pearce LA, Herzog CA (2002): Predictive value of cardiac troponin I
and T for subsequent death in end-stage renal disease. Circulation.106:2941-2945.

Appleton CP, Firstenberg MS, Garcia MJ, Thomas JD (2000): The echo-Doppler evaluation of
left ventricular diastolic function. A current perspective. Cardiol.Clin.18:513-46, ix.

Appleton CP, Galloway JM, Gonzalez MS, Gaballa M, Basnight MA (1993): Estimation of left
ventricular filling pressures using two-dimensional and Doppler echocardiography in adult
patients with cardiac disease. Additional value of analyzing left atrial size, left atrial ejection
fraction and the difference in duration of pulmonary venous and mitral flow velocity at atrial
contraction. J.Am.Coll.Cardiol.22:1972-1982.

Appleton CP (1991): Influence of incremental changes in heart rate on mitral flow velocity:
assessment in lightly sedated, conscious dogs. J. Am.Coll.Cardiol.17:227-236.

Appleton CP, Hatle LK, Popp RL (1988): Relation of transmitral flow velocity patterns to left

ventricular diastolic function: new insights from a combined hemodynamic and Doppler
echocardiographic study. J.Am.Coll.Cardiol.12:426-440.

106



Arkouche W, Fouque D, Pachiaudi C, Normand S, Laville M, Delawari E, Riou JP, Traeger J, La
Ville M (1997): Total body water and body composition in chronic peritoneal dialysis patients.
J.Am.Soc.Nephrol.8:1906-1914.

Armengol NE, Cases Amenos A, Bono Illa M, Calls Ginesta J, Gaya Bertran J, Rivera Fillat FR
(1997): Vasoactive hormones in uraemic patients with chronic hypotension.
Nephrol.Dial. Transplant.12:321-324.

Aroesty JM, McKay RG, Heller GV, Royal HD, Als AV, Grossman W (1985): Simultaneous
assessment of left ventricular systolic and diastolic dysfunction during pacing-induced ischemia.
Circulation.71:889-900.

Arora R, Krummerman A, Vijayaraman P, Rosengarten M, Suryadevara V, Lejemtel T, Ferrick
KJ (2004): Heart rate variability and diastolic heart failure. Pacing Clin.Electrophysiol.27:299-
303.

Atallah MM and Demain AD (1995): Cardiac output measurement: lack of agreement between
thermodilution and thoracic electric bioimpedance in two clinical settings. J.Clin.Anesth.7:182-
185.

Atar I, Konas D, Acikel S, Kulah E, Atar A, Bozbas H, Gulmez O, Sezer S, Yildirir A, Ozdemir
N, Muderrisoglu H, Ozin B (2006): Frequency of atrial fibrillation and factors related to its
development in dialysis patients. Int.J.Cardiol.106:47-51.

Aurigemma GP and Gaasch WH (2004): Clinical practice. Diastolic heart failure.
N.Engl.J.Med.351:1097-1105.

Bach DS, Armstrong WF, Donovan CL, Miiller DW (1996): Quantitative Doppler tissue imaging
for assessment of regional myocardial velocities during transient ischemia and reperfusion.
Am.Heart J.132:721-725.

Banerjee P, Banerjee T, Khand A, Clark AL, Cleland JG (2002): Diastolic heart failure: neglected
or misdiagnosed? J.Am.Coll.Cardiol.39:138-141.

Barberato SH and Pecoits-Filho R (2007): Usefulness of left atrial volume for the differentiation
of normal from pseudonormal diastolic function pattern in patients on hemodialysis.
J.Am.Soc.Echocardiogr.20:359-365.

Barberato SH, Mantilla DE, Misocami MA, Goncalves SM, Bignelli AT, Riella MC, Pecoits-
Filho R (2004): Effect of preload reduction by hemodialysis on left atrial volume and
echocardiographic Doppler parameters in patients with end-stage renal disease.
Am.J.Cardiol.94:1208-1210.

Barry WH, Brooker JZ, Alderman EL, Harrison DC (1974): Changes in diastolic stiffness and
tone of the left ventricle during angina pectoris. Circulation.49:255-263.

Basile C (2001): Should relative blood volume changes be routinely measured during the dialysis
sessions? Nephrol Dial Transplant.16:10-12.

Battler A, Froelicher V, Slutsky R, Ashburn W (1979): Relationship of QRS amplitude changes
during exercise to left ventricular function and volumes and the diagnosis of coronary artery
disease. Circulation.60:1004-1013.

Baumgart P, Walger P, Gemen S, von Eiff M, Raidt H, Rahn KH (1991): Blood pressure
elevation during the night in chronic renal failure, hemodialysis and after renal transplantation.
Nephron.57:293-298.

Bayley RH and Berry PM (1962): The electrical field produced by the eccentric current dipole in
the nonhomogeneous conductor. Am.Heart J.63:808-820.

107



Bella JN, Palmieri V, Roman MJ, Liu JE, Welty TK, Lee ET, Fabsitz RR, Howard BV, Devereux
RB (2002): Mitral ratio of peak early to late diastolic filling velocity as a predictor of mortality in
middle-aged and elderly adults: the Strong Heart Study. Circulation.105:1928-1933.

Benjamin EJ, Levy D, Anderson KM, Wolf PA, Plehn JF, Evans JC, Comai K, Fuller DL, Sutton
MS (1992): Determinants of Doppler indexes of left ventricular diastolic function in normal
subjects (the Framingham Heart Study). Am.J.Cardiol.70:508-515.

Bennet WM, Kloster F, Rosch J, Porter GA (1978): Natural history of asympromatic coronary
angiographic lesions in diabetic patients with end-stage renal disease. Am Journal og Med.65:779-
784.

Bergstrom J, Asaba H, Furst P, Oules R (1976): Dialysis, ultrafiltration, and blood pressure.
EDTA Proceedings.13:293-305.

Bernardi D, Bernini L, Cini G, Ghione S, Bonechi I (1985): Asymmetric septal hypertrophy and
sympathetic overactivity in normotensive hemodialyzed patients. Am.Heart J.109:539-545.

Blumberg A, Nelp WB, Hegstrom RM, Scribner BH (1967): Extracellular volume in patients with
chronic renal disease treated for hypertension by sodium restriction. Lancet.2:69-73.

Boer P (1984): Estimated lean body mass as an index for normalization of body fluid volumes in
humans. Am.J.Physiol.247:632-636.

Boero R, Guarena C, Berto IM, Forneris G, Borca M, Martina G, Quarello F, Piccoli G (1988):
Pathogenesis of arterial hypertension in chronic uraemia: the role of reduced Na,K-ATPase
activity. J.Hypertens.Suppl.6:363-365.

Bombardini T (2005): Myocardial contractility in the echo lab: molecular, cellular and
pathophysiological basis. Cardiovasc.Ultrasound.3:27.

Bongartz LG, Cramer MJ, Dévendans PA, Joles JA, Braam B (2005): The severe cardiorenal
syndrome: 'Guyton revisited'. Eur.Heart J.26:11-17.

Bonoris PE, Greenberg PS, Castellanet MJ, Ellestad MH (1978a): Significance of changes in R
wave amplitude during treadmill stress testing: angiographic correlation. Am.J.Cardiol.41:846-
851.

Bonoris PE, Greenberg PS, Christison GW, Castellanet MJ, Ellestad MH (1978b): Evaluation of
R wave amplitude changes versus ST-segment depression in stress testing. Circulation.57:904-
910.

Bos WJ, Bruin S, van Olden RW, Keur I, Wesseling KH, Westerhof N, Krediet RT, Arisz LA
(2000): Cardiac and hemodynamic effects of hemodialysis and ultrafiltration. Am.J.Kidney
Dis.35:819-826.

Braunschweig F, Kjellstrom B, Sdderhall M, Clyne N, Linde C (2006): Dynamic changes in right
ventricular pressures during haemodialysis recorded with an implantable haemodynamic monitor.

Nephrol.Dial. Transplant.21:176-183.

Braunwald E, Zipes D, Libby P (2001): Heart disease: A Textbook of Cardiovascular Medicine.
vol.1. W.B. Saunders, Philadelphia.

Brecker SJ, Lee CH, Gibson DG (1992): Relation of left ventricular isovolumic relaxation time
and incoordination to transmitral Doppler filling patterns. Br.Heart J.68:567-573.

108



Brennan JM, Ronan A, Goonewardena S, Blair JE, Hammes M, Shah D, Vasaiwala S, Kirkpatrick
JN, Spencer KT (2006): Handcarried ultrasound measurement of the inferior vena cava for
assessment of intravascular volume status in the outpatient hemodialysis clinic.
Clin.J.Am.Soc.Nephrol.1:749-753.

Brody DA (1956): A theoretical analysis of intracavitary blood mass influence on the heart-lead
relationship. Circ.Res.4:731-738.

Buoncristiani U, Quintaliani G, Cozzari M, Giombini L, Ragaiolo M (1988): Daily dialysis: long-
term clinical metabolic results. Kidney Int.Suppl.24:S137-40.

Cabanes L, Richaud-Thiriez B, Fulla Y, Heloire F, Vuillemard C, Weber S, Dusser D (2001):
Brain natriuretic peptide blood levels in the differential diagnosis of dyspnea. Chest.120:2047-
2050.

Cannella G, Paoletti E, Ravera G, Cassottana P, Araghi P, Mulas D, Peloso G, Delfino R, Messa P
(2000): Inadequate diagnosis and therapy of arterial hypertension as causes of left ventricular
hypertrophy in uremic dialysis patients. Kidney Int.58:260-268.

Cardoso M, Vinay P, Vinet B, Leveillee M, Prudhomme M, Tejedor A, Courteau M, Gougoux A,
St-Louis G, Lapierre L (1988): Hypoxemia during hemodialysis: a critical review of the facts.
Am.J.Kidney Dis.11:281-297.

Carson P, Massie BM, McKelvie R, McMurray J, Komajda M, Zile M, Ptaszynska A, Frangin G,
for the I-PRESERVE Investigators. (2005): The irbesartan in heart failure with preserved systolic
function (I-PRESERVE) trial: rationale and design. J.Card.Fail.11:576-585.

Caruana L, Petrie MC, Davie AP, McMurray JJ (2000): Do patients with suspected heart failure
and preserved left ventricular systolic function suffer from "diastolic heart failure" or from
misdiagnosis? A prospective descriptive study. BMJ.321:215-218.

Castini D, Vitolo E, Ornaghi M, Gentile F (1996): Demonstration of the relationship between
heart dimensions and QRS voltage amplitude. J.Electrocardiol.29:169-173.

Chaignon M, Chen WT, Tarazi RC, Nakamoto S, Salcedo E (1982): Acute effects of hemodialysis
on echographic-determined cardiac performance: improved contractility resulting from serum
increased calcium with reduced potassium despite hypovolemic-reduced cardiac output. Am.Heart
J.103:374-378.

Chaignon M, Chen WT, Tarazi RC, Bravo EL, Nakamoto S (1981): Effect of hemodialysis on
blood volume distribution and cardiac output. Hypertension.3:327-332.

Chakko S, Girgis I, Contreras G, Perez G, Kessler KM, Myerburg RJ (1997): Effects of
hemodialysis on left ventricular diastolic filling. Am.J.Cardiol.79:106-108.

Chamoun AJ, Xie T, Trough M, Esquivel-Avila J, Carson R, DeFilippi C, Ahmad M (2002):
Color M-mode flow propagation velocity versus conventional Doppler indices in the assessment
of diastolic left ventricular function in patients on chronic hemodialysis.
Echocardiography.19:467-474.

Chan CT, Harvey PJ, Picton P, Pierratos A, Miller JA, Floras JS (2003): Short-term blood
pressure, noradrenergic, and vascular effects of nocturnal home hemodialysis.

Hypertension.42:925-931.

Chan CT, Floras JS, Miller JA, Richardson RM, Pierratos A (2002): Regression of left ventricular
hypertrophy after conversion to nocturnal hemodialysis. Kidney Int.61:2235-2239.

109



Chanchairujira T and Mehta RL (2001): Assessing fluid change in hemodialysis: whole body
versus sum of segmental bioimpedance spectroscopy. Kidney Int.60:2337-2342.

Chapelle JP, Dubois B, Bovy C, Aldenhoff MC, Gielen J, Rorive G (2002): Comparison of
plasma cardiac troponins T and I in chronically hemodialyzed patients in relation to cardiac status
and age. Clin.Chem.Lab.Med.40:240-245.

Charra B (2007): Fluid balance, dry weight, and blood pressure in dialysis. Hemodial Int.11:21-
31.

Charra B and Chazot C (2003): Volume control, blood pressure and cardiovascular function.
Lessons from hemodialysis treatment. Nephron Physiol.93:94-101.

Charra B, Chazot C, Jean G, Laurent G (1999): Long, slow dialysis. Miner.Electrolyte
Metab.25:391-396.

Charra B (1998): 'Dry weight' in dialysis: the history of a concept. Nephrol Dial
Transplant.13:1882-1885.

Charra B, Bergstrom J, Scribner BH (1998): Blood pressure control in dialysis patients:
importance of the lag phenomenon. Am.J.Kidney Dis.32:720-724.

Charra B, Laurent G, Chazot C, Calemard E, Terrat JC, Vanel T, Jean G, Ruffet M (1996):
Clinical assessment of dry weight. Nephrol.Dial. Transplant.11 Suppl 2:16-19.

Chazot C, Charra B, Vo Van C, Jean G, Vanel T, Calemard E, Terrat JC, Ruffet M, Laurent G
(1999): The Janus-faced aspect of 'dry weight'. Nephrol.Dial. Transplant.14:121-124.

Chazot C, Charra B, Laurent G, Didier C, Vo Van C, Terrat JC, Calemard E, Vanel T, Ruffet M
(1995): Interdialysis blood pressure control by long haemodialysis sessions.
Nephrol.Dial. Transplant.10:831-837.

Cheigh JS, Milite C, Sullivan JF, Rubin AL, Stenzel KH (1992): Hypertension is not adequately
controlled in hemodialysis patients. Am.J.Kidney Dis.19:453-459.

Chen YC, Chen HH, Yeh JC, Chen SY (2002): Adjusting dry weight by extracellular volume and
body composition in hemodialysis patients. Nephron.92:91-96.

Cheriex EC, Leunissen KM, Janssen JH, Mooy JM, van Hooff JP (1989): Echography of the
inferior vena cava is a simple and reliable tool for estimation of 'dry weight' in haemodialysis
patients. Nephrol.Dial. Transplant.4:563-568.

Chertow GM, Normand SL, McNeil BJ (2004): "Renalism": inappropriately low rates of coronary
angiography in elderly individuals with renal insufficiency. J.Am.Soc.Nephrol.15:2462-2468.

Chertow GM, Lowrie EG, Wilmore DW, Gonzalez J, Lew NL, Ling J, Leboff MS, Gottliecb MN,
Huang W, Zebrowski B (1995): Nutritional assessment with bioelectrical impedance analysis in
maintenance hemodialysis patients. J.Am.Soc.Nephrol.6:75-81.

Cheung AK, Sarnak MJ, Yan G, Berkoben M, Heyka R, Kaufman A, Lewis J, Rocco M, Toto R,
Windus D, Ornt D, Levey AS, HEMO Study Group. (2004): Cardiac diseases in maintenance
hemodialysis patients: results of the HEMO Study. Kidney Int.65:2380-2389.

Cheung AK, Sarnak MJ, Yan G, Dwyer JT, Heyka RJ, Rocco MV, Teehan BP, Levey AS (2000):
Atherosclerotic cardiovascular disease risks in chronic hemodialysis patients. Kidney Int.58:353-
362.

Cheung BM and Kumana CR (1998): Natriuretic peptides--relevance in cardiovascular disease.
JAMA.280:1983-1984.

110



Choong CY, Abascal VM, Thomas JD, Guerrero JL, McGlew S, Weyman AE (1988): Combined
influence of ventricular loading and relaxation on the transmitral flow velocity profile in dogs
measured by Doppler echocardiography. Circulation.78:672-683.

Choong CY, Herrmann HC, Weyman AE, Fifer MA (1987): Preload dependence of Doppler-
derived indexes of left ventricular diastolic function in humans. J.Am.Coll.Cardiol.10:800-808.

Chou KJ, Lee PT, Chen CL, Chiou CW, Hsu CY, Chung HM, Liu CP, Fang HC (2006):
Physiological changes during hemodialysis in patients with intradialysis hypertension. Kidney
Int.69:1833-1838.

Chung CS and Kovacs SJ (2006): Consequences of increasing heart rate on deceleration time, the
velocity-time integral, and E/A. Am.J.Cardiol.97:130-136.

Cianciaruso B, Bellizzi V, Minutolo R, Colucci G, Bisesti V, Russo D, Conte G, De Nicola L
(1996): Renal adaptation to dietary sodium restriction in moderate renal failure resulting from
chronic glomerular disease. J.Am.Soc.Nephrol.7:306-313.

Cice G, Di Benedetto A, D'Andrea A, D'Isa S, Ferrara L, Russo PE, Tacono A, Calabro R (2003):
Sustained-release diltiazem reduces myocardial ischemic episodes in end-stage renal disease: a
double-blind, randomized, crossover, placebo-controlled trial. J.Am.Soc.Nephrol.14:1006-1011.

Cirit M, Akcicek F, Terzioglu E, Soydas C, Ok E, Ozbasli CF, Basci A, Mees EJ (1995):
'Paradoxical’ rise in blood pressure during ultrafiltration in dialysis patients.
Nephrol.Dial. Transplant.10:1417-1420.

Clements IP (2005): Combined systolic and diastolic dysfunction in the presence of preserved left
ventricular ejection fraction. Eur.J.Heart Fail.7:490-497.

Cohen-Solal A (1998): Left ventricular diastolic dysfunction: pathophysiology, diagnosis and
treatment. Nephrol.Dial. Transplant.13 Suppl 4:3-5.

Coleman TG and Guyton AC (1969): Hypertension caused by salt loading in the dog. 3. Onset
transients of cardiac output and other circulatory variables. Circ.Res.25:153-160.

Conion PJ, Walshe JJ, Heinle SK, Minda S, Krucoff M, Schwab SJ (1996): Predialysis systolic
blood pressure correlates strongly with mean 24-hour systolic blood pressure and left ventricular
mass in stable hemodialysis patients. J.Am.Soc.Nephrol.7:2658-2663.

Conlon PJ, Kovalik E, Schumm D, Minda S, Schwab SJ (2000): Normalization of hematocrit in
hemodialysis patients does not affect silent ischemia. Ren.Fail.22:205-211.

Conlon PJ, Krucoff MW, Minda S, Schumm D, Schwab SJ (1998): Incidence and long-term
significance of transient ST segment deviation in hemodialysis patients. Clin.Nephrol.49:236-239.

Converse RL,Jr, Jacobsen TN, Jost CM, Toto RD, Grayburn PA, Obregon TM, Fouad-Tarazi F,
Victor RG (1992a): Paradoxical withdrawal of reflex vasoconstriction as a cause of hemodialysis-
induced hypotension. J.Clin.Invest.90:1657-1665.

Converse RL,Jr, Jacobsen TN, Toto RD, Jost CM, Cosentino F, Fouad-Tarazi F, Victor RG
(1992b): Sympathetic overactivity in patients with chronic renal failure. N.Engl.J.Med.327:1912-
1918.

Conway B, McLaughlin M, Sharpe P, Harty J (2005): Use of cardiac troponin T in diagnosis and
prognosis of cardiac events in patients on chronic haemodialysis.
Nephrol.Dial. Transplant.20:2759-2764.

Cooksey JD, Dunn M, Massie E (1977): Clinical vectorcardiography and electrocardiography.
759. Year Book Medical Bublisher, Chigaco.

111



Coomer RW, Schulman G, Breyer JA, Shyr Y (1997): Ambulatory blood pressure monitoring in
dialysis patients and estimation of mean interdialytic blood pressure. Am.J.Kidney Dis.29:678-
684.

Cooper BA, Aslani A, Ryan M, Zhu FY, Ibels LS, Allen BJ, Pollock CA (2000): Comparing
different methods of assessing body composition in end-stage renal failure. Kidney Int.58:408-
416.

Courtois M, Kovacs SJ,Jr, Ludbrook PA (1988a): Transmitral pressure-flow velocity relation.
Importance of regional pressure gradients in the left ventricle during diastole. Circulation.78:661-
671.

Courtois M, Vered Z, Barzilai B, Ricciotti NA, Perez JE, Ludbrook PA (1988b): The transmitral
pressure-flow velocity relation. Effect of abrupt preload reduction. Circulation.78:1459-1468.

Covic A, Goldsmith DJ, Covic M (2000): Reduced blood pressure diurnal variability as a risk
factor for progressive left ventricular dilatation in hemodialysis patients. Am.J.Kidney
Dis.35:617-623.

Cox-Reijven PL, Kooman JP, Soeters PB, van der Sande FM, Leunissen KM (2001): Role of
bioimpedance spectroscopy in assessment of body water compartments in hemodialysis patients.
Am.J.Kidney Dis.38:832-838.

Dahan M, Viron BM, Poiseau E, Kolta AM, Aubry N, Paillole C, Pessione F, Bonnin F, Logeart
D, Gourgon R, Mignon FE (2002): Combined dipyridamole-exercise stress echocardiography for
detection of myocardial ischemia in hemodialysis patients: an alternative to stress nuclear
imaging. Am.J.Kidney Dis.40:737-744.

Dahan M, Viron BM, Faraggi M, Himbert DL, Lagallicier BJ, Kolta AM, Pessione F, Le Guludec
D, Gourgon R, Mignon FE (1998): Diagnostic accuracy and prognostic value of combined
dipyridamole-exercise thallium imaging in hemodialysis patients. Kidney Int.54:255-262.

Dahlin LG, Ebeling-Barbier C, Nylander E, Rutberg H, Svedjeholm R (2001):
Vectorcardiography is superior to conventional ECG for detection of myocardial injury after
coronary surgery. Scand.Cardiovasc.J.35:125-128.

Daniels S, Iskandrian AS, Hakki AH, Kane SA, Bemis CE, Horowitz LN, Greenspan AM, Segal
BL (1984): Correlation between changes in R wave amplitude and left ventricular volume induced
by rapid atrial pacing. Am.Heart J.107:711-717.

Danovitch GM, Hariharan S, Pirsch JD, Rush D, Roth D, Ramos E, Starling RC, Cangro C, Weir
MR, Clinical Practice Guidelines Committee of the American Society of Transplantation. (2002):
Management of the waiting list for cadaveric kidney transplants: report of a survey and
recommendations by the Clinical Practice Guidelines Committee of the American Society of
Transplantation. J.Am.Soc.Nephrol.13:528-535.

Daugirdas JT (2001): Pathophysiology of dialysis hypotension: an update. Am.J.Kidney
Dis.38:11-17.

Daugirdas JT (1991): Dialysis hypotension: a hemodynamic analysis. Kidney Int.39:233-246.

Daugirdas JT, Al-Kudsi RR, Ing TS, Norusis MJ (1985): A double-blind evaluation of sodium
gradient hemodialysis. Am.J.Nephrol.5:163-168.

De Boeck BW, Cramer MJ, Oh JK, van der Aa RP, Jaarsma W (2003): Spectral pulsed tissue

Doppler imaging in diastole: a tool to increase our insight in and assessment of diastolic
relaxation of the left ventricle. Am.Heart J.146:411-419.

112



De Bold AJ, Borenstein HB, Veress AT, Sonnenberg H (1981): A rapid and potent natriuretic
response to intravenous injection of atrial myocardial extract in rats. Life Sci.28:89-94.

DE Broe ME, Heyrman RM, de Backer WA, Verpooten GA, Vermeire PA (1988): Pathogenesis
of dialysis-induced hypoxemia: a short overview. Kidney Int.Suppl.24:S57-61.

DE Chatel R, Mako J, Toth M, Barna I, Lang RE (1991): Atrial natriuretic peptide (ANP) in
patients with chronic renal failure on maintenance haemodialysis. Int.Urol.Nephrol.23:177-183.

De Paula FM, Peixoto AJ, Pinto LV, Dorigo D, Patricio PJ, Santos SF (2004): Clinical
consequences of an individualized dialysate sodium prescription in hemodialysis patients. Kidney
Int.66:1232-1238.

DE Vries JP, Donker AJ, DE Vries PM (1994): Prevention of hypovolemia-induced hypotension
during hemodialysis by means of an optical reflection method. Int.J.Artif.Organs.17:209-214.

DE Vries JP, Kouw PM, van der Meer NJ, Olthof CG, Oe LP, Donker AJ, DE Vries PM (1993):
Non-invasive monitoring of blood volume during hemodialysis: its relation with post-dialytic dry
weight. Kidney Int.44:851-854.

Deedwania PC and Carbajal EV (1991): Silent myocardial ischemia. A clinical perspective.
Arch.Intern.Med.151:2373-2382.

DeFilippi C, Fink JC, Nass CM, Chen H, Christenson R (2005): N-terminal pro-B-type natriuretic
peptide for predicting coronary disease and left ventricular hypertrophy in asymptomatic CKD not
requiring dialysis. Am.J.Kidney Dis.46:35-44.

DeFilippi C, Wasserman S, Rosanio S, Tiblier E, Sperger H, Tocchi M, Christenson R, Uretsky B,
Smiley M, Gold J, Muniz H, Badalamenti J, Herzog C, Henrich W (2003): Cardiac troponin T and
C-reactive protein for predicting prognosis, coronary atherosclerosis, and cardiomyopathy in
patients undergoing long-term hemodialysis. JAMA.290:353-359.

DeGroff CG (2002): Doppler echocardiography. Pediatr.Cardiol.23:307-333.

Dellborg M (2001): Vectorelectrocardiography in coronary artery disease.
Scand.Cardiovasc.J.35:72-74.

Dellborg M, Malmberg K, Ryden L, Svensson AM, Swedberg K (1995): Dynamic on-line
vectorcardiography improves and simplifies in-hospital ischemia monitoring of patients with
unstable angina. J.Am.Coll.Cardiol.26:1501-1507.

Dellborg M, Gustafsson G, Riha M, Swedberg K (1992): Dynamic changes of the QRS complex
in unstable angina pectoris. Int.J.Cardiol.36:151-162.

Dellborg M, Riha M, Swedberg K (1990): Dynamic QRS and ST-segment changes in myocardial
infarction monitored by continuous on-line vectorcardiography. J.Electrocardiol.23 Suppl:11-19.

Demuth K, Blacher J, Guerin AP, Benoit MO, Moatti N, Safar ME, London GM (1998):
Endothelin and cardiovascular remodelling in end-stage renal disease.
Nephrol.Dial. Transplant.13:375-383.

Deray G, Maistre G, Cacoub P, Barthelemy C, Eurin J, Carayon A, Masson F, Martinez F,
Baumelou A, Legrand JC (1990): Renal and hemodialysis clearances of endogenous natriuretic
peptide. A clinical and experimental study. Nephron.54:148-153.

Derumeaux G, Ovize M, Loufoua J, Andre-Fouet X, Minaire Y, Cribier A, Letac B (1998):

Doppler tissue imaging quantitates regional wall motion during myocardial ischemia and
reperfusion. Circulation.97:1970-1977.

113



Deswal A (2005): Diastolic dysfunction and diastolic heart failure: mechanisms and
epidemiology. Curr.Cardiol.Rep.7:178-183.

Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs I, Reichek N (1986):
Echocardiographic assessment of left ventricular hypertrophy: comparison to necropsy findings.
Am.J.Cardiol.57:450-458.

Di Iorio BR, Scalfi L, Terracciano V, Bellizzi V (2004): A systematic evaluation of bioelectrical
impedance measurement after hemodialysis session. Kidney Int.65:2435-2440.

Diez J, Querejeta R, Lopez B, Gonzalez A, Larman M, Martinez Ubago JL (2002): Losartan-
dependent regression of myocardial fibrosis is associated with reduction of left ventricular
chamber stiffness in hypertensive patients. Circulation.105:2512-2517.

Dincer I, Kumbasar D, Nergisoglu G, Atmaca Y, Kutlay S, Akyurek O, Sayin T, Erol C, Oral D
(2002): Assessment of left ventricular diastolic function with Doppler tissue imaging: effects of
preload and place of measurements. Int.J.Cardiovasc.Imaging.18:155-160.

Diris JH, Hackeng CM, Kooman JP, Pinto YM, Hermens WT, van Dieijen-Visser MP (2004):
Impaired renal clearance explains elevated troponin T fragments in hemodialysis patients.
Circulation.109:23-25.

Diskin CJ, Salzsieder KH, Solomon RJ, Carvalho JS, Trebbin WM (1981): Electrocardiographic
changes following dialysis. Nephron.27:94-100.

Drew BJ, Scheinman MM, Evans GT,Jr (1992): Comparison of a vectorcardiographically derived
12-lead electrocardiogram with the conventional electrocardiogram during wide QRS complex
tachycardia, and its potential application for continuous bedside monitoring.
Am.J.Cardiol.69:612-618.

Dudley SC,Jr, Baumgarten CM, Ornato JP (1990): Reversal of low voltage and infarction pattern
on the surface electrocardiogram after renal hemodialysis for pulmonary edema.
J.Electrocardiol.23:341-345.

Elisaf M, Pappas H, Kalaitzidis R, Katopodis K, Theodorou J, Siamopoulos KG (1996):
Ambulatory blood pressure monitoring in hemodialysis patients. J.Hum.Hypertens.10 Suppl 3:43-
47.

Ellis KJ (2000): Human body composition: in vivo methods. Physiol.Rev.80:649-680.

Elsner D (2001): How to diagnose and treat coronary artery disease in the uraemic patient: an
update. Nephrol.Dial. Transplant.16:1103-1108.

Enzmann G, Bianco F, Paolini F, Rossi M, Panzetta G (1994): Continuous monitoring of blood
volume and plasma refilling during hemodialysis. A phenomenological analysis.
Contrib.Nephrol.106:94-98.

Eriksson P, Andersen K, Swedberg K, Dellborg M (1997): Vectorcardiographic monitoring of
patients with acute myocardial infarction and chronic bundle branch block. Eur.Heart J.18:1288-
1295.

Erturk S, Ertug AE, Ates K, Duman N, Aslan SM, Nergisoglu G, Diker E, Erol C, Karatan O,
Erbay B (1996): Relationship of ambulatory blood pressure monitoring data to echocardiographic
findings in haemodialysis patients. Nephrol.Dial. Transplant.11:2050-2054.

Fagugli RM, Pasini P, Pasticci F, Ciao G, Cicconi B, Buoncristiani U (2006): Effects of short

daily hemodialysis and extended standard hemodialysis on blood pressure and cardiac
hypertrophy: a comparative study. J.Nephrol.19:77-83.

114



Fagugli RM, Palumbo B, Ricciardi D, Pasini P, Santirosi P, Vecchi L, Pasticci F, Palumbo R
(2003a): Association between brain natriuretic peptide and extracellular water in hemodialysis
patients. Nephron Clin.Pract.95:60-6.

Fagugli RM, Pasini P, Quintaliani G, Pasticci F, Ciao G, Cicconi B, Ricciardi D, Santirosi PV,
Buoncristiani E, Timio F, Valente F, Buoncristiani U (2003b): Association between extracellular
water, left ventricular mass and hypertension in haemodialysis patients.

Nephrol.Dial. Transplant.18:2332-2338.

Fagugli RM, Reboldi G, Quintaliani G, Pasini P, Ciao G, Cicconi B, Pasticci F, Kaufman JM,
Buoncristiani U (2001): Short daily hemodialysis: blood pressure control and left ventricular mass
reduction in hypertensive hemodialysis patients. Am.J.Kidney Dis.38:371-376.

Farmer CK, Goldsmith DJ, Cox J, Dallyn P, Kingswood JC, Sharpstone P (1997): An
investigation of the effect of advancing uraemia, renal replacement therapy and renal
transplantation on blood pressure diurnal variability. Nephrol.Dial. Transplant.12:2301-2307.

Fathi R, Isbel N, Haluska B, Case C, Johnson DW, Marwick TH (2003): Correlates of subclinical
left ventricular dysfunction in ESRD. Am.J.Kidney Dis.41:1016-1025.

Feigenbaum H (1989): Echocardiographic evaluation of left ventricular diastolic function.
J.Am.Coll.Cardiol.13:1027-1029.

Feldman T, Borow KM, Neumann A, Lang RM, Childers RW (1985): Relation of
electrocardiographic R-wave amplitude to changes in left ventricular chamber size and position in
normal subjects. Am.J.Cardiol.55:1168-1174.

Fellner S (1993): Intradialytic hypertension. Semin Dial.6:372-372.
Finne P and Gronhagen-Riska C (2001): Finnish Registry for Kidney Diseases. Report 2000.

Fisch BJ and Spiegel DM (1996): Assessment of excess fluid distribution in chronic hemodialysis
patients using bioimpedance spectroscopy. Kidney Int.49:1105-11009.

Fishbane S and Scribner B (2002): Blood pressure control in dialysis patients. Semin.Dial.15:144-
145.

Fishbane S, Natke E, Maesaka JK (1996): Role of volume overload in dialysis-refractory
hypertension. Am.J.Kidney Dis.28:257-261.

Flinck A, Selin K, Dellborg M, Skinningsrud K, Ekholm S (1994): Addition of sodium to iohexol.
A vectorcardiographic study. Acta Radiol.35:619-625.

Foley RN (2003): Clinical epidemiology of cardiac disease in dialysis patients: left ventricular
hypertrophy, ischemic heart disease, and cardiac failure. Semin.Dial.16:111-117.

Foley R, Parfrey P, Morgan J, Barre P (1999): Diastolic dysfunction in hemodialysis patients: the
Canadian Normalization of Hemoglobin Study Group. Abstract Am Soc Nephrol Ann Mtg
Miami. J Am Soc Nephrol.10:261A.

Foley RN, Parfrey PS, Harnett JD, Kent GM, Martin CJ, Murray DC, Barre PE (1995): Clinical
and echocardiographic disease in patients starting end-stage renal disease therapy. Kidney
Int.47:186-192.

Frank E (1956): An accurate, clinically practical system for spatial vectorcardiography.
Circulation.13:737-749.

Franz M, Woloszczuk W, Horl WH (2001): Adsorption of natriuretic factors in uremia.
Semin.Nephrol.21:298-302.

115



Franz M, Woloszczuk W, Horl WH (2000): N-terminal fragments of the proatrial natriuretic
peptide in patients before and after hemodialysis treatment. Kidney Int.58:374-383.

Fuenmayor AJ, Vasquez CJ, Fuenmayor AM, Winterdaal DM, Rodriguez D (1993):
Hemodialysis changes the QRS amplitude in the electrocardiogram. Int.J.Cardiol.41:141-145.

Fujimoto S, Kagoshima T, Hashimoto T, Nakajima T, Dohi K (1994): Left ventricular diastolic
function in patients on maintenance hemodialysis: comparison with hypertensive heart disease
and hypertrophic cardiomyopathy. Clin.Nephrol.42:109-116.

Galetta F, Cupisti A, Franzoni F, Carpi A, Barsotti G, Santoro G (2006): Acute effects of
hemodialysis on left ventricular function evaluated by tissue Doppler imaging.
Biomed.Pharmacother.60:66-70.

Gannedahl P, Odeberg S, Ljungqvist O, Sollevi A (1997a): Vectorcardiographic changes during
laparoscopic cholecystectomy may mimic signs of myocardial ischaemia. Acta
Anaesthesiol.Scand.41:1187-1192.

Gannedahl PE, Ljungqvist OH, Lundin P, Edner M (1997b): Comparison of electrocardiograms
recorded with standard leads and derived from the vectorcardiographic frank leads in high risk
patients. Intensive Care Med.23:1049-1055.

Garcia MJ, Firstenberg MS, Greenberg NL, Smedira N, Rodriguez L, Prior D, Thomas JD (2001):
Estimation of left ventricular operating stiffness from Doppler early filling deceleration time in
humans. Am.J.Physiol.Heart Circ.Physiol.280:554-561.

Gillebert TC, Leite-Moreira AF, de Hert SG (2000): Load dependent diastolic dysfunction in
heart failure. Heart Fail.Rev.5:345-355.

Goicoechea M, de Vinuesa SG, Gomez-Campdera F, Luno J (2005): Predictive cardiovascular
risk factors in patients with chronic kidney disease (CKD). Kidney Int.Suppl.(93):35-38.

Goldsmith DJ and Covic A (2001): Coronary artery disease in uremia: Etiology, diagnosis, and
therapy. Kidney Int.60:2059-2078.

Goldsmith DJ, Covic AC, Venning MC, Ackrill P (1997): Ambulatory blood pressure monitoring
in renal dialysis and transplant patients. Am.J.Kidney Dis.29:593-600.

Goldsmith DJ, Covic A, Ackrill P (1996): Interdialysis blood pressure control by long
haemodialysis sessions. Nephrol.Dial. Transplant.11:401-402.

Goren A, Glaser J, Drukker A (1993): Diastolic function in children and adolescents on dialysis
and after kidney transplantation: an echocardiographic assessment. Pediatr.Nephrol.7:725-728.

Govind SC, Roumina S, Brodin LA, Nowak J, Ramesh SS, Saha SK (2006): Differing myocardial
response to a single session of hemodialysis in end-stage renal disease with and without type 2
diabetes mellitus and coronary artery disease. Cardiovasc.Ultrasound.4:9.

Gradaus F, Ivens K, Peters AJ, Heering P, Schoebel FC, Grabensee B, Strauer BE (2001):
Angiographic progression of coronary artery disease in patients with end-stage renal disease.
Nephrol.Dial. Transplant.16:1198-1202.

Graham RJ, Gelman JS, Donelan L, Mottram PM, Peverill RE (2003): Effect of preload reduction
by haemodialysis on new indices of diastolic function. Clin.Sci.105:499-506.

Greenway CV and Lautt WW (1986): Blood volume, the venous system, preload, and cardiac
output. Can.J.Physiol.Pharmacol.64:383-387.

116



Gudivaka R, Schoeller DA, Kushner RF, Bolt MJ (1999): Single- and multifrequency models for
bioelectrical impedance analysis of body water compartments. J.Appl.Physiol.87:1087-1096.

Gunal Al, Karaca I, Celiker H, Ilkay E, Duman S (2002): Paradoxical rise in blood pressure
during ultrafiltration is caused by increased cardiac output. J.Nephrol.15:42-47.

Gupta S, Dev V, Kumar MV, Dash SC (1993): Left ventricular diastolic function in end-stage
renal disease and the impact of hemodialysis. Am.J.Cardiol.71:1427-1430.

Gustafsson G, Dellborga M, Lindahl B, Wallentin L (2000): Early diagnosis and exclusion of
acute myocardial infarction by two hours' vector-ECG and determination of either myoglobin or
CK-mb. BIOMACS-study. BlOchemical Markers in Acute Coronary Syndromes.
Scand.Cardiovasc.J.34:172-177.

Gustafsson G, Dellborg M, Lindahl B, Wallentin L (1996): Dynamic vectorcardiography for early
diagnosis of acute myocardial infarction compared with 12-lead electrocardiogram. BIOMACS
Study Group. Coron.Artery Dis.7:871-876.

Guyton AC and Hall JE (1996): Textbook of Medical Physiology. W.B.Saunders Company,
Philadelphia.

Guyton AC (1990): The surprising kidney-fluid mechanism for pressure control - its infinite gain!
Hypertension.16:725-730.

Hama N, Itoh H, Shirakami G, Nakagawa O, Suga S, Ogawa Y, Masuda I, Nakanishi K,
Yoshimasa T, Hashimoto Y (1995): Rapid ventricular induction of brain natriuretic peptide gene
expression in experimental acute myocardial infarction. Circulation.92:1558-1564.

Hamlin SK, Villars PS, Kanusky JT, Shaw AD (2004): Role of diastole in left ventricular
function, II: diagnosis and treatment. Am.J.Crit.Care.13:453-466.S

Hamm CW, Giannitsis E, Katus HA (2002): Cardiac troponin elevations in patients without acute
coronary syndrome. Circulation.106:2871-2872.

Hammerer-Lercher A, Ludwig W, Falkensammer G, Miiller S, Neubauer E, Puschendorf B,
Pachinger O, Mair J (2004): Natriuretic peptides as markers of mild forms of left ventricular
dysfunction: effects of assays on diagnostic performance of markers. Clin.Chem.50:1174-1183.

Hanly PJ and Pierratos A (2001): Improvement of sleep apnea in patients with chronic renal
failure who undergo nocturnal hemodialysis. N.Engl.J.Med.344:102-107.

Hart CY and Redfield MM (2000): Diastolic heart failure in the community.
Curr.Cardiol.Rep.2:461-469.

Hashimoto T, Ohte N, Narita H, Kobayashi K, Akita S, Fujinami T (1996): Simultaneous
evaluation of the Doppler-derived transmitral flow velocity waveform and left ventricular
isovolumic relaxation time in patients with coronary artery disease. Cardiology.87:560-565.

Hayashi SY, Rohani M, Lindholm B, Brodin LA, Lind B, Barany P, Alvestrand A, Seeberger A
(2006): Left ventricular function in patients with chronic kidney disease evaluated by colour
tissue Doppler velocity imaging. Nephrol.Dial. Transplant.21:125-132.

Hayashi SY, Brodin LA, Alvestrand A, Lind B, Stenvinkel P, Mazza do Nascimento M, Qureshi
AR, Saha S, Lindholm B, Seeberger A (2004): Improvement of cardiac function after
haemodialysis. Quantitative evaluation by colour tissue velocity imaging.

Nephrol.Dial. Transplant.19:1497-1506.

117



Hebert LA, Kusek JW, Greene T, Agodoa LY, Jones CA, Levey AS, Breyer JA, Faubert P, Rolin
HA, Wang SR (1997): Effects of blood pressure control on progressive renal disease in blacks and
whites. Modification of Diet in Renal Disease Study Group. Hypertension.30:428-435.

Hees PS, Fleg JL, Dong SJ, Shapiro EP (2004): MRI and echocardiographic assessment of the
diastolic dysfunction of normal aging: altered LV pressure decline or load? Am.J.Physiol.Heart
Circ.Physiol.286:782-788.

Henderson LW (1980): Symptomatic hypotension during hemodialysis. Kidney Int.17:571-576.

Henein M, Lindqvist P, Francis D, Morner S, Waldenstrom A, Kazzam E (2002): Tissue Doppler
analysis of age-dependency in diastolic ventricular behaviour and filling: a cross-sectional study
of healthy hearts (the Umea General Population Heart Study). Eur.Heart J.23:162-171.

Herzog CA (2003): How to manage the renal patient with coronary heart disease: the agony and
the ecstasy of opinion-based medicine. J.Am.Soc.Nephrol.14:2556-2572.

Herzog CA (2000): Poor long-term survival of dialysis patients after acute myocardial infarction:
bad treatment or bad disease? Am.J.Kidney Dis.35:1217-1220.

Herzog CA, Marwick TH, Pheley AM, White CW, Rao VK, Dick CD (1999): Dobutamine stress
echocardiography for the detection of significant coronary artery disease in renal transplant
candidates. Am.J.Kidney Dis.33:1080-1090.

Himelman RB, Landzberg JS, Simonson JS, Amend W, Bouchard A, Merz R, Schiller NB (1988):
Cardiac consequences of renal transplantation: changes in left ventricular morphology and
function. J.Am.Coll.Cardiol.12:915-923.

Ho LT, Kushner RF, Schoeller DA, Gudivaka R, Spiegel DM (1994): Bioimpedance analysis of
total body water in hemodialysis patients. Kidney Int.46:1438-1442.

Hodges M, Akiyama T, Biddle TL, Clarke WB, Roberts DL, Kronenberg MW (1974):
Continuous recording of the vectorcardiogram in acutely ill patients. Am.Heart J.88:593-595.

Hodgkin BC, Millard RW, Nelson CV (1977): Effect of hematocrit on electrocardiographic
potentials and dipole moment of the pig. Am.J.Physiol.232:406-410.

Hoeben H, Abu-Alfa AK, Mahnensmith R, Perazella MA (2002): Hemodynamics in patients with
intradialytic hypotension treated with cool dialysate or midodrine. Am.J.Kidney Dis.39:102-107.

Hsiao SH, Huang WC, Sy CL, Lin SK, Lee TY, Liu CP (2005): Doppler tissue imaging and color
M-mode flow propagation velocity: are they really preload independent?
J.Am.Soc.Echocardiogr.18:1277-1284.

Huisman RM, de Bruin C, Klont D, Smit AJ (1995): Relationship between blood pressure during
haemodialysis and ambulatory blood pressure in between dialyses.
Nephrol.Dial. Transplant.10:1890-1894.

Hung KC, Huang HL, Chu CM, Chen CC, Hsieh IC, Chang ST, Fang JT, Wen MS (2004a):
Evaluating preload dependence of a novel Doppler application in assessment of left ventricular
diastolic function during hemodialysis. Am.J.Kidney Dis.43:1040-1046.

Hung KC, Huang HL, Chu CM, Yeh KH, Fang JT, Lin FC (2004b): Effects of altered volume

loading on left ventricular hemodynamics and diastolic filling during hemodialysis.
Ren.Fail.26:141-147.

118



Hunt SA, American College of Cardiology., American Heart Association Task Force on Practice
Guidelines (Writing Committee to Update the 2001 Guidelines for the Evaluation and
Management of Heart Failure). (2005): ACC/AHA 2005 guideline update for the diagnosis and
management of chronic heart failure in the adult: a report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines (Writing Committee
to Update the 2001 Guidelines for the Evaluation and Management of Heart Failure).
J.Am.Coll.Cardiol.46:1-82.

Hurd HP,2nd, Starling MR, Crawford MH, Dlabal PW, O'Rourke RA (1981): Comparative
accuracy of electrocardiographic and vectorcardiographic criteria for inferior myocardial
infarction. Circulation.63:1025-1029.

Hurrell DG, Nishimura RA, Ilstrup DM, Appleton CP (1997): Utility of preload alteration in
assessment of left ventricular filling pressure by Doppler echocardiography: a simultaneous
catheterization and Doppler echocardiographic study. J.Am.Coll.Cardiol.30:459-467.

Ie EH, Vletter WB, ten Cate FJ, Weimar W, Zietse R (2004): Increase in serum ionized calcium
during diffusive dialysis does not affect left ventricular diastolic function. Blood Purif.22:469-
472.

Ie EH, Vletter WB, ten Cate FJ, Nette RW, Weimar W, Roelandt JR, Zietse R (2003): Preload
dependence of new Doppler techniques limits their utility for left ventricular diastolic function
assessment in hemodialysis patients. J.Am.Soc.Nephrol.14:1858-1862.

Innes A, Charra B, Burden RP, Morgan AG, Laurent G (1999): The effect of long, slow
haemodialysis on patient survival. Nephrol.Dial. Transplant.14:919-922.

Inrig JK, Patel UD, Gillespie BS, Hasselblad V, Himmelfarb J, Reddan D, Lindsay RM,
Winchester JF, Stivelman J, Toto R, Szczech LA (2007): Relationship between interdialytic
weight gain and blood pressure among prevalent hemodialysis patients. Am.J.Kidney Dis.50:108-
18, 118.1-4.

Ishibe S and Peixoto AJ (2004): Methods of assessment of volume status and intercompartmental
fluid shifts in hemodialysis patients: implications in clinical practice. Semin.Dial.17:37-43.

Ishikawa K, Shirato C, Yanagisawa A (1983): Electrocardiographic changes due to sauna bathing.
Influence of acute reduction in circulating blood volume on body surface potentials with special
reference to the Brody effect. Br.Heart J.50:469-475.

Ishikawa K, Nagasawa T, Shimada H (1979): Influence of hemodialysis on electrocardiographic
wave forms. Am.Heart J.97:5-11.

Ishikura F, Ando Y, Park YD, Tani A, Shirai D, Matsuoka H, Miyatake K (1996): Changes of
plasma atrial and brain natriuretic peptide levels during hemodialysis. Ren.Fail.18:261-270.

Jaeger JQ and Mehta RL (1999a): Assessment of dry weight in hemodialysis: an overview.
J.Am.Soc.Nephrol.10:392-403.

Jaeger JQ and Mehta RL (1999b): Dry weight and body composition in hemodialysis: A proposal
for an index of fluid removal. Semin Dial.12:164-174.

Jaffe AS, Ravkilde J, Roberts R, Naslund U, Apple FS, Galvani M, Katus H (2000): It's time for a
change to a troponin standard. Circulation.102:1216-1220.

Jaradat MI and Molitoris BA (2002): Cardiovascular disease in patients with chronic kidney
disease. Semin.Nephrol.22:459-473.

119



Jassal SV, Douglas JF, Stout RW (1998): Prevalence of central autonomic neuropathy in elderly
dialysis patients. Nephrol.Dial. Transplant.13:1702-1708.

Jensen J, Eriksson SV, Lindvall B, Lundin P, Sylven C (2000): On-line vectorcardiography during
elective coronary angioplasty indicates procedure-related myocardial infarction. Coron.Artery
Dis.11:161-169.

Jensen L, Yakimets J, Teo KK (1995): A review of impedance cardiography. Heart Lung.24:183-
193.

Jensen SM, Nilsson JB, Naslund U (2003): Early vectorcardiographic monitoring provides
prognostic information in patients with ST-elevation myocardial infarction.
Scand.Cardiovasc.J.37:135-140.

Jensen SM, Karp K, Rask P, Nislund U (2002): Assessment of myocardium at risk with
computerized vectorcardiography and technetium-99m-sestamibi-single photon emission
computed tomography during coronary angioplasty. Scand.Cardiovasc.J.36:11-18.

Jensen SM, Haggmark S, Johansson G, Néslund U (1997): On-line computerized
vectorcardiography: influence of body position, heart rate, radiographic contrast fluid and
myocardial ischemia. Cardiology.88:576-584.

Jensen SM, Johansson G, Osterman G, Reiz S, Néslund U (1994): On-line computerized
vectorcardiography monitoring of myocardial ischemia during coronary angioplasty: comparison
with 12-lead electrocardiography. Coron.Artery Dis.5:507-514.

Jernberg T, Abrahamsson P, Lindahl B, Johanson P, Wallentin L, Dellborg M (2002): Continuous
multilead ST-monitoring identifies patients with unstable coronary artery disease who benefit
from extended antithrombotic treatment. Eur.Heart J.23:1093-1101.

Jernberg T, Abrahamsson P, Lindahl B, Wallentin L, Dellborg M (2001): Comparison of
continuous vectorcardiography and continuous 12-lead electrocardiography of patients with
unstable coronary artery disease: do they identify the same population? Coron.Artery Dis.12:187-
195.

Jespersen B, Eiskjaer H, Pedersen EB (1990): Effect of atrial natriuretic peptide on blood
pressure, guanosine 3':5'-cyclic monophosphate release and blood volume in uraemic patients.
Clin.Sci.78:67-73.

Johanson P, Jernberg T, Gunnarsson G, Lindahl B, Wallentin L, Dellborg M (2003): Prognostic
value of ST-segment resolution-when and what to measure. Eur.Heart J.24:337-345.

Johanson P, Svensson A, Dellborg M (2001): Clinical implications of early ST-segment
variability. A report from the ASSENT 2 ST-monitoring sub-study. Coron.Artery. Dis.12:277-
283.

Johner C, Chamney PW, Schneditz D, Kramer M (1998): Evaluation of an ultrasonic blood
volume monitor. Nephrol.Dial. Transplant.13:2098-2103.

Johnstone LM, Jones CL, Grigg LE, Wilkinson JL, Walker RG, Powell HR (1996): Left
ventricular abnormalities in children, adolescents and young adults with renal disease. Kidney
Int.50:998-1006.

Joki N, Hase H, Nakamura R, Yamaguchi T (1997): Onset of coronary artery disease prior to
initiation of haemodialysis in patients with end-stage renal disease.
Nephrol.Dial. Transplant.12:718-723.

Jones EO, Ward MK, Hoenich NA, Kerr DN (1977): Separation of dialysis and ultrafiltration-
does it really help? Proc.Eur.Dial. Transplant Assoc.14:160-166.

120



Jung HH, Han H, Lee JH (2005): Sleep apnea, coronary artery disease, and antioxidant status in
hemodialysis patients. Am.J.Kidney Dis.45:875-882.

Jung HH, Ma KR, Han H (2004): Elevated concentrations of cardiac troponins are associated with
severe coronary artery calcification in asymptomatic haemodialysis patients.
Nephrol.Dial.Transplant.19:3117-3123.

Jungers P, Massy ZA, Khoa TN, Fumeron C, Labrunie M, Lacour B, Descamps-Latscha B, Man
NK (1997): Incidence and risk factors of atherosclerotic cardiovascular accidents in predialysis
chronic renal failure patients: a prospective study. Nephrol.Dial. Transplant.12:2597-2602.

Katzarski KS, Filho JD, Bergstrom J (2003): Extracellular volume changes and blood pressure
levels in hemodialysis patients. Hemodial Int.7:135-142.

Katzarski KS, Randmaa I, Bergstrom J (1999a): Influence of hemodialysis on intravascular
volume and vasoactive hormones. Clin.Nephrol.52:304-311.

Katzarski KS, Charra B, Luik AJ, Nisell J, Divino Filho JC, Leypoldt JK, Leunissen KM, Laurent
G, Bergstrom J (1999b): Fluid state and blood pressure control in patients treated with long and
short haemodialysis. Nephrol.Dial. Transplant.14:369-375.

Katzarski KS, Nisell J, Randmaa I, Danielsson A, Freyschuss U, Bergstréom J (1997): A critical
evaluation of ultrasound measurement of inferior vena cava diameter in assessing dry weight in
normotensive and hypertensive hemodialysis patients. Am.J.Kidney Dis.30:459-465.

Katzarski K, Charra B, Laurent G, Lopot F, Divino-Filho JC, Nisell J, Bergstrom J (1996):
Multifrequency bioimpedance in assessment of dry weight in haemodialysis.
Nephrol.Dial. Transplant.11 Suppl 2:20-23.

Kayatas M, Ozdemir FN, Muderrisoglu H, Korkmaz ME (1999): Diastolic dysfunction increases
the frequency of ventricular arrhythmia in hemodialysis patients. Nephron.82:185-187.

Kempner W (1949): Treatment of heart and kidney disease and of hypertensive and
arteriosclerotic vascular disease with the rice diet. Ann.Intern.Med.31:821-56, illust.

Keshaviah P, Carlson L, Contantini E, Shapiro F (1984): Dialysis-induced hypoxemia and
hypotension are not causally related. Trans.Am.Soc.Artif.Intern.Organs.30:159-162.

Keshaviah P and Shapiro FL (1982): A critical examination of dialysis-induced hypotension.
Am.J Kidney Dis.2:290-301.

Khan NA, Hemmelgarn BR, Tonelli M, Thompson CR, Levin A (2005): Prognostic value of
troponin T and I among asymptomatic patients with end-stage renal disease: a meta-analysis.
Circulation.112:3088-3096.

Khosla UM and Johnson RJ (2004): Hypertension in the hemodialysis patient and the "lag
phenomenon", insights into pathophysiology and clinical management. Am.J.Kidney Dis.43:739-
751.

Kim KE, Onesti G, DelGuercio ET, Greco J, Fernandes M, Eidelson B, Swartz C (1980):
Sequential hemodynamic changes in end-stage renal disease and the anephric state during volume
expansion. Hypertension.2:102-110.

Kim KE, Onesti G, Schwartz AB, Chinitz JL, Swartz C (1972): Hemodynamics of hypertension in
chronic end-stage renal disease. Circulation.46:456-464.

Kim KE, Neff M, Cohen B, Somerstein M, Chinitz J, Onesti G, Swartz C (1970): Blood volume
changes and hypotension during hemodialysis. Trans.Am.Soc.Artif.Intern.Organs.16:508-514.

121



Kim SK, Zhao ZS, Lee YJ, Lee KE, Kang SM, Choi D, Lim SK, Chung N, Lee HC, Cha BS
(2003): Left-ventricular diastolic dysfunction may be prevented by chronic treatment with PPAR-
alpha or -gamma agonists in a type 2 diabetic animal model. Diabetes Metab.Res.Rev.19:487-493.

Kinet JP, Soyeur D, Balland N, Saint-Remy M, Collignon P, Godon JP (1982): Hemodynamic
study of hypotension during hemodialysis. Kidney Int.21:868-876.

Kinoshita O, Kimura G, Kamakura S, Haze K, Kuramochi M, Shimomura K, Omae T (1993):
Effects of hemodialysis on body surface maps in patients with chronic renal failure.
Nephron.64:580-586.

Kisloukhine VV and Dean DA (1996): Validation of a novel ultrasound dilution method to
measure cardiac output during hemodialysis. ASAIO J.42:M906-907.

Kitabatake A, Inoue M, Asao M, Tanouchi J, Masuyama T, Abe H, Morita H, Senda S, Matsuo H
(1982): Transmitral blood flow reflecting diastolic behavior of the left ventricle in health and
disease--a study by pulsed Doppler technique. Jpn.Circ.J.46:92-102.

Kitzman DW (2002a): Diastolic heart failure in the elderly. Heart Fail.Rev.7:17-27.

Kitzman DW, Little WC, Brubaker PH, Anderson RT, Hundley WG, Marburger CT, Brosnihan
B, Morgan TM, Stewart KP (2002b): Pathophysiological characterization of isolated diastolic
heart failure in comparison to systolic heart failure. JAMA.288:2144-2150.

Kleinert HD, Harshfield GA, Pickering TG, Devereux RB, Sullivan PA, Marion RM, Mallory
WK, Laragh JH (1984): What is the value of home blood pressure measurement in patients with
mild hypertension? Hypertension.6:574-578.

Koch M, Gradaus F, Schoebel FC, Leschke M, Grabensee B (1997a): Relevance of conventional
cardiovascular risk factors for the prediction of coronary artery disease in diabetic patients on
renal replacement therapy. Nephrol.Dial. Transplant.12:1187-1191.

Koch M, Kutkuhn B, Grabensee B, Ritz E (1997b): Apolipoprotein A, fibrinogen, age, and history
of stroke are predictors of death in dialysed diabetic patients: a prospective study in 412 subjects.
Nephrol.Dial.Transplant.12:2603-2611.

Koga S, Ikeda S, Matsunaga K, Naito T, Miyahara Y, Taura K, Kohno S (2003): Influence of
hemodialysis on echocardiographic Doppler indices of the left ventricle: changes in parameters of
systolic and diastolic function and Tei index. Clin.Nephrol.59:180-185.

Kohse KP, Feifel K, Mayer-Wehrstein R (1993): Differential regulation of brain and atrial
natriuretic peptides in hemodialysis patients. Clin.Nephrol.40:83-90.

Kojima S, Inoue I, Hirata Y, Kimura G, Saito F, Kawano Y, Satani M, Ito K, Omae T (1987):
Plasma concentrations of immunoreactive-atrial natriuretic polypeptide in patients on
hemodialysis. Nephron.46:45-48.

Kooistra MP (2003): Frequent prolonged home haemodialysis: three old concepts, one modern
solution. Nephrol.Dial. Transplant.18:16-19.

Kooman JP, van der Sande F, Leunissen K, Locatelli F (2003): Sodium balance in hemodialysis
therapy. Semin.Dial.16:351-355.

Kooman JP, Hendriks EJ, van Den Sande FM, Leumissen KM (2000): Dialysate sodium

concentration and blood pressure control in haemodialysis patients.
Nephrol.Dial. Transplant.15:554.

122



Kooman JP, Gladziwa U, Bocker G, Wijnen JA, Bortel L, Luik AJ, de Leeuw PW, van Hoff JP,
Leunissen KM (1992): Blood pressure during the interdialytic period in haemodialysis patients:
estimation of representative blood pressure values. Nephrol.Dial.Transplant.7:917-923.

Koomans HA, Roos JC, Dorhout Mees EJ, Delawi IM (1985): Sodium balance in renal failure. A
comparison of patients with normal subjects under extremes of sodium intake.
Hypertension.7:714-721.

Koomans HA, Geers AB, Mees EJ (1984): Plasma volume recovery after ultrafiltration in patients
with chronic renal failure. Kidney Int.26:848-854.

Kouw PM, Kooman JP, Cheriex EC, Olthof CG, DE Vries PM, Leunissen KM (1993):
Assessment of postdialysis dry weight: a comparison of techniques. J.Am.Soc.Nephrol.4:98-104.

Kouw PM, Olthof CG, ter Wee PM, Oe LP, Donker AJ, Schneider H, DE Vries PM (1992):
Assessment of post-dialysis dry weight: an application of the conductivity measurement method.
Kidney Int.41:440-444.

Kovacs SJ,Jr, Barzilai B, Perez JE (1987): Evaluation of diastolic function with Doppler
echocardiography: the PDF formalism. Am.J.Physiol.252:178-187.

Kraemer M, Rode C, Wizemann V (2006): Detection limit of methods to assess fluid status
changes in dialysis patients. Kidney Int.69:1609-1620.

Kraus MA and Hamburger RJ (1997): Sleep apnea in renal failure. Adv.Perit.Dial.13:88-92.

Krautzig S, Janssen U, Koch KM, Granolleras C, Shaldon S (1998): Dietary salt restriction and
reduction of dialysate sodium to control hypertension in maintenance haemodialysis patients.
Nephrol.Dial.Transplant.13:552-553.

Kremastinos D, Paraskevaidis I, Voudiklari S, Apostolou T, Kyriakides Z, Zirogiannis P,
Toutouzas P (1992): Painless myocardial ischemia in chronic hemodialysed patients: a real event?
Nephron.60:164-170.

Krepel HP, Nette RW, Akcahuseyin E, Weimar W, Zietse R (2000): Variability of relative blood
volume during haemodialysis. Nephrol.Dial. Transplant.15:673-679.

Krivitski NM and Depner TA (1999): Cardiac output and central blood volume during
hemodialysis: methodology. Adv.Ren.Replace.Ther.6:225-232.

Kushner RF, DE Vries PM, Gudivaka R (1996): Use of bioelectrical impedance analysis
measurements in the clinical management of patients undergoing dialysis. Am.J.Clin.Nutr.64:503-
509.

Kuwahara F, Kai H, Tokuda K, Takeya M, Takeshita A, Egashira K, Imaizumi T (2004):
Hypertensive myocardial fibrosis and diastolic dysfunction: another model of inflammation?
Hypertension.43:739-745.

Ko66bi T, Kaukinen S, Ahola T, Turjanmaa VM (1997): Non-invasive measurement of cardiac
output: whole-body impedance cardiography in simultaneous comparison with thermodilution and

direct oxygen Fick methods. Intensive Care Med.23:1132-1137.

Lainchbury JG and Redfield MM (1999): Doppler echocardiographic-guided diagnosis and
therapy of heart failure. Curr.Cardiol.Rep.1:55-66.

Lang CC and Struthers AD (1991): Interactions between atrial natriuretic factor and the
autonomic nervous system. Clin.Auton.Res.1:329-336.

123



Laragh JH (1985): Atrial natriuretic hormone, the renin-aldosterone axis, and blood pressure-
electrolyte homeostasis. N.Engl.J.Med.313:1330-1340.

Laurent G and Charra B (1998): The results of an 8 h thrice weekly haemodialysis schedule.
Nephrol.Dial.Transplant.13 Suppl 6:125-131.

Lauster F, Heim JM, Drummer C, Fulle HJ, Gerzer R, Schiffl H (1993): Plasma cGMP level as a
marker of the hydration state in renal replacement therapy. Kidney Int.Suppl.41:57-59.

Lauster F, Fulle HJ, Gerzer R, Schiffl H (1992): The postdialytic plasma cyclic guanosine 3":5'-
monophosphate level as a measure of fluid overload in chronic hemodialysis.
J.Am.Soc.Nephrol.2:1451-1454.

Lauster F, Gerzer R, Weil J, Fulle HJ, Schiffl H (1990): Assessment of dry body-weight in
haemodialysis patients by the biochemical marker cGMP. Nephrol.Dial. Transplant.5:356-361.

Lee CH, Hogan JC, Gibson DG (1991): Diastolic disease in left ventricular hypertrophy:
comparison of M mode and Doppler echocardiography for the assessment of rapid ventricular
filling. Br.Heart J.65:194-200.

Lee SW, Song JH, Kim GA, Lim HJ, Kim MJ (2003): Plasma brain natriuretic peptide
concentration on assessment of hydration status in hemodialysis patient. Am.J.Kidney
Dis.41:1257-1266.

Leunissen KM, Kooman JP, van Kuijk W, van der Sande F, Luik AJ, van Hooff JP (1996):
Preventing haemodynamic instability in patients at risk for intra-dialytic hypotension.
Nephrol.Dial. Transplant.11 Suppl 2:11-15.

Leunissen KM (1995): Fluid status in haemodialysed patients. Nephrol.Dial. Transplant.10:153-
155.

Leunissen KM, Kouw P, Kooman JP, Cheriex EC, DE Vries PM, Donker AlJ, van Hooff JP
(1993): New techniques to determine fluid status in hemodialyzed patients. Kidney
Int.Suppl.41:50-56.

Levey AS, Beto JA, Coronado BE, Eknoyan G, Foley RN, Kasiske BL, Klag MJ, Mailloux LU,
Manske CL, Meyer KB, Parfrey PS, Pfeffer MA, Wenger NK, Wilson PW, Wright JT,Jr (1998):
Controlling the epidemic of cardiovascular disease in chronic renal disease: what do we know?
What do we need to learn? Where do we go from here? National Kidney Foundation Task Force
on Cardiovascular Disease. Am.J.Kidney Dis.32:853-906.

Lewin NW (1993): Intradialytic hypertension. Semin Dial.6:370-371.

Lewis BS, Lewis N, Sapoznikov D, Gotsman MS (1980): Isovolumic relaxation period in man.
Am.Heart J.100:490-499.

Leypoldt JK, Cheung AK, Delmez JA, Gassman JJ, Levin NW, Lewis JA, Lewis JL, Rocco MV
(2002): Relationship between volume status and blood pressure during chronic hemodialysis.
Kidney Int.61:266-275.

Li D, Jialal I, Keffer J (1996): Greater frequency of increased cardiac troponin T than increased
cardiac troponin I in patients with chronic renal failure. Clin.Chem.42:114-115.

Lindahl B (1999): More is worse--ST-segment deviation in unstable coronary artery disease.
Eur.Heart J.20:1611-1612.

Lingens N, Soergel M, Loirat C, Busch C, Lemmer B, Scharer K (1995): Ambulatory blood
pressure monitoring in paediatric patients treated by regular haemodialysis and peritoneal dialysis.
Pediatr.Nephrol.9:167-172.

124



Lins RL, Elseviers M, Rogiers P, Van Hoeyweghen RJ, De Raedt H, Zachee P, Daclemans RA
(1997): Importance of volume factors in dialysis related hypertension. Clin.Nephrol.48:29-33.

Little WC, Ohno M, Kitzman DW, Thomas JD, Cheng CP (1995): Determination of left
ventricular chamber stiffness from the time for deceleration of early left ventricular filling.
Circulation.92:1933-1939.

Liu M, Takahashi H, Morita Y, Maruyama S, Mizuno M, Yuzawa Y, Watanabe M, Toriyama T,
Kawahara H, Matsuo S (2003): Non-dipping is a potent predictor of cardiovascular mortality and
is associated with autonomic dysfunction in haemodialysis patients.
Nephrol.Dial.Transplant.18:563-569.

Logar CM, Herzog CA, Beddhu S (2003): Diagnosis and therapy of coronary artery disease in
renal failure, end-stage renal disease, and renal transplant populations. Am.J.Med.Sci.325:214-
227.

London G (2003): Cardiovascular disease in chronic renal failure: pathohysiologic aspects.
Seminars in Dialysis.16:85-94.

London G, Pannier B, Guerin AP, Blacher J, Marchais SJ, Darne B, Metivier F, Adda H, Safar
ME (2001): Alterations of left ventricular hypertrophy in and survival of patients receiving
hemodialysis: follow-up of an interventional study. J.Am.Soc.Nephrol.12:2759-2767.

London G, Guerin A, Pannier B, Marchais S, Benetos A, Safar M (1992): Increased systolic
pressure in chronic uremia. Role of arterial wave reflections. Hypertension.20:10-19.

Longenecker JC, Coresh J, Powe NR, Levey AS, Fink NE, Martin A, Klag MJ (2002): Traditional
cardiovascular disease risk factors in dialysis patients compared with the general population: the
CHOICE Study. J. Am.Soc.Nephrol.13:1918-1927.

Lopot F, Kotyk P, Blaha J, Forejt J (1996): Use of continuous blood volume monitoring to detect
inadequately high dry weight. Int.J.Artif.Organs.19:411-414.

Lubien E, DeMaria A, Krishnaswamy P, Clopton P, Koon J, Kazanegra R, Gardetto N, Wanner E,
Maisel AS (2002): Utility of B-natriuretic peptide in detecting diastolic dysfunction: comparison
with Doppler velocity recordings. Circulation.105:595-601.

Luchi RJ, Snow E, Luchi JM, Nelson CL, Pircher FJ (1982): Left ventricular function in
hospitalized geriatric patients. J.Am.Geriatr.Soc.30:700-705.

Luik AJ, v d Sande FM, Weideman P, Cheriex E, Kooman JP, Leunissen KM (2001): The
influence of increasing dialysis treatment time and reducing dry weight on blood pressure control
in hemodialysis patients: a prospective study. Am.J.Nephrol.21:471-478.

Luik AJ, Charra B, Katzarski K, Habets J, Cheriex EC, Menheere PP, Laurent G, Bergstrom J,
Leunissen KM (1998): Blood pressure control and hemodynamic changes in patients on long time
dialysis treatment. Blood Purif.16:197-209.

Luik AJ, van Kuijk WH, Spek J, de Heer F, van Bortel LM, Schiffers PM, van Hooff JP,
Leunissen KM (1997): Effects of hypervolemia on interdialytic hemodynamics and blood
pressure control in hemodialysis patients. Am.J.Kidney Dis.30:466-474.

Luik AJ, Gladziwa U, Kooman JP, van Hooff JP, de Leeuw PW, van Bortel LM, Leunissen KM
(1994a): Blood pressure changes in relation to interdialytic weight gain. Contrib.Nephrol.106:90-
93.

Luik AJ, Struijk DG, Gladziwa U, von Olden RW, von Hooff JP, de Leecuw PW, Leunissen KM
(1994b): Diurnal blood-pressure variations in haemodialysis and CAPD patients.
Nephrol.Dial. Transplant.9:1616-1621.

125



Lundin P, Jensen J, Lindahl B, Wallentin L, Eriksson SV (2000): Prognostic value of ischemia
monitoring with on-line vectorcardiography in patients with unstable coronary artery disease.
Cardiology.93:183-190.

Lundin P, Eriksson SV, Andren B, Lindahl B, Térnvall P, Melcher A (1998): Ischaemia
monitoring with on-line vectorcardiography during dobutamine stress echocardiography in
patients after an episode of unstable coronary artery disease. J.Intern.Med.244:61-70.

Lundin P, Jensen J, Eriksson SV (1997): Reproducibility of on-line vectorcardiography
measurements in patients with and without acute ischaemic heart disease. J.Intern.Med.242:117-
124.

Lundin P, Eriksson SV, Strandberg LE, Rehnqvist N (1994): Prognostic information from on-line
vectorcardiography in acute myocardial infarction. Am.J.Cardiol.74:1103-1108.

Lundin P, Eriksson SV, Erhardt L, Strandberg LE, Rehnqvist N (1992): Continuous
vectorcardiography in patients with chest pain indicative of acute ischemic heart disease.
Cardiology.81:145-156.

Maack T (1996): Role of atrial natriuretic factor in volume control. Kidney Int.49:1732-1737.

Madias JE (2005): On the mechanism of augmentation of electrocardiogram QRS complexes in
patients with congestive heart failure responding to diuresis. J.Electrocardiol.38:54-57.

Madias JE and Narayan V (2003a): Augmentation of the amplitude of electrocardiographic QRS
complexes immediately after hemodialysis: a study of 26 hemodialysis sessions of a single
patient, aided by measurements of resistance, reactance, and impedance. J.Electrocardiol.36:263-
271.

Madias JE, Attanti S, Narayan V (2003b): Relationship among electrocardiographic potential
amplitude, weight, and resistance/reactance/impedance in a patient with peripheral edema treated
for congestive heart failure. J.Electrocardiol.36:167-171.

Madias JE and Narayan V (2003c): Diminution of QRS complexes caused by anasarca after an
acute myocardial infarction: a case report and a discussion of the plausible underlying
pathophysiological mechanisms. J.Electrocardiol.36:59-66.

Madias JE, Bazaz R, Agarwal H, Win M, Medepalli L (2001): Anasarca-mediated attenuation of
the amplitude of electrocardiogram complexes: a description of a heretofore unrecognized
phenomenon. J.Am.Coll.Cardiol.38:756-764.

Maduell F, Navarro V, Torregrosa E, Rius A, Dicenta F, Cruz MC, Ferrero JA (2003): Change
from three times a week on-line hemodiafiltration to short daily on-line hemodiafiltration. Kidney
Int.64:305-313.

Maeda K, Tsutamoto T, Wada A, Hisanaga T, Kinoshita M (1998): Plasma brain natriuretic
peptide as a biochemical marker of high left ventricular end-diastolic pressure in patients with
symptomatic left ventricular dysfunction. Am.Heart J.135:825-832.

Magga J, Marttila M, Méntymaa P, Vuolteenaho O, Ruskoaho H (1994): Brain natriuretic peptide
in plasma, atria, and ventricles of vasopressin- and phenylephrine-infused conscious rats.
Endocrinology.134:2505-2515.

Maggiore Q, Pizzarelli F, Dattolo P, Maggiore U, Cerrai T (2000): Cardiovascular stability during
haemodialysis, haemofiltration and haemodiafiltration. Nephrol.Dial. Transplant.15 Suppl 1:68-73.

Mailloux LU (2001): Hypertension in chronic renal failure and ESRD: prevalence,
pathophysiology, and outcomes. Semin.Nephrol.21:146-156.

126



Mailloux LU and Haley WE (1998): Hypertension in the ESRD patient: pathophysiology, therapy,
outcomes, and future directions. Am.J.Kidney Dis.32:705-719.

Mallamaci F, Zoccali C, Parlongo S, Tripepi G, Benedetto FA, Cutrupi S, Bonanno G, Fatuzzo P,
Rapisarda F, Seminara G, Stancanelli B, Bellanuova I, Cataliotti A, Malatino LS (2002): Troponin
is related to left ventricular mass and predicts all-cause and cardiovascular mortality in
hemodialysis patients. Am.J.Kidney Dis.40:68-75.

Mallamaci F, Postorino M, Zoccali C (1994): Influence of ANF on the cardiovascular response to
volume expansion in haemodialysis patients. Nephrol.Dial. Transplant.9:1279-1282.

Mallamaci F, Zoccali C, Ciccarelli M, Briggs JD (1986): Autonomic function in uremic patients
treated by hemodialysis or CAPD and in transplant patients. Clin.Nephrol.25:175-180.

Malmivuo J and Plonsey R (1995): Electromagnetism - Principles and Appilcations of Bioelectric
and Biomagnetic Fields. Oxford University Press, New York.

Mandelbaum A and Ritz E (1996): Vena cava diameter measurement for estimation of dry weight
in haemodialysis patients. Nephrol.Dial. Transplant.11 Suppl 2:24-27.

Mandinov L, Eberli FR, Seiler C, Hess OM (2000): Diastolic heart failure.
Cardiovasc.Res.45:813-825.

Mann H, Stiller S, Gladziwa U, Konigs F (1990): Kinetic modelling and continuous on-line blood
volume measurement during dialysis therapy. Nephrol.Dial. Transplant.5 Suppl 1:144-146.

Manske CL, Wang Y, Rector T, Wilson RF, White CW (1992): Coronary revascularisation in
insulin-dependent diabetic patients with chronic renal failure. Lancet.340:998-1002.

Margulies KB, Jaffer S, Pollack PS, Ennis KJ (1999): Physiological significance of early
deceleration time prolongation in asymptomatic elderly subjects. J.Card.Fail.5:92-99.

Mark PB, Stewart GA, Gansevoort RT, Petrie CJ, McDonagh TA, Dargie HJ, Rodger RS, Jardine
AG (2006): Diagnostic potential of circulating natriuretic peptides in chronic kidney disease.
Nephrol.Dial. Transplant.21:402-410.

Maron BJ, Spirito P, Green KJ, Wesley YE, Bonow RO, Arce J (1987): Noninvasive assessment
of left ventricular diastolic function by pulsed Doppler echocardiography in patients with
hypertrophic cardiomyopathy. J.Am.Coll.Cardiol.10:733-742.

Mastrangelo F, Alfonso L, Napoli M, DeBlasi V, Russo F, Patruno P (1998): Dialysis with
increased frequency of sessions (Lecce dialysis). Nephrol.Dial. Transplant.13 Suppl 6:139-147.

Matsuda Y, Toma Y, Matsuzaki M, Moritani K, Satoh A, Shiomi K, Ohtani N, Kohno M, Fujii T,
Katayama K (1990): Change of left atrial systolic pressure waveform in relation to left ventricular
end-diastolic pressure. Circulation.82:1659-1667.

Matsumoto T, Wada A, Tsutamoto T, Ohnishi M, Isono T, Kinoshita M (2003): Chymase
inhibition prevents cardiac fibrosis and improves diastolic dysfunction in the progression of heart
failure. Circulation.107:2555-2558.

McCullough PA and Sandberg KR (2004): Chronic kidney disease and sudden death: strategies
for prevention. Blood Purif.22:136-142.

McDermott MM, Feinglass J, Sy J, Gheorghiade M (1995): Hospitalized congestive heart failure

patients with preserved versus abnormal left ventricular systolic function: clinical characteristics
and drug therapy. Am.J.Med.99:629-635.

127



McGregor DO, Buttimore AL, Lynn KL, Nicholls MG, Jardine DL (2001): A Comparative Study
of Blood Pressure Control with Short In-Center versus Long Home Hemodialysis. Blood
Purif.19:293-300.

McGregor DO, Buttimore AL, Nicholls MG, Lynn KL (1999): Ambulatory blood pressure
monitoring in patients receiving long, slow home haemodialysis.
Nephrol.Dial. Transplant.14:2676-2679.

McLaurin MD, Apple FS, Voss EM, Herzog CA, Sharkey SW (1997): Cardiac troponin I, cardiac
troponin T, and creatine kinase MB in dialysis patients without ischemic heart disease: evidence
of cardiac troponin T expression in skeletal muscle. Clin.Chem.43:976-982.

McMahon AC, Vescovo G, Dalla Libera L, Wynne DG, Fluck RJ, Harding SE, Raine AE (1996):
Contractile dysfunction of isolated ventricular myocytes in experimental uraemia.
Exp.Nephrol.4:144-150.

Mees EJ (1995): Volaemia and blood pressure in renal failure: have old truths been forgotten?
Nephrol.Dial. Transplant.10:1297-1298.

Melo LG, Pang SC, Ackermann U (2000): Atrial Natriuretic Peptide: Regulator of Chronic
Arterial Blood Pressure. News Physiol.Sci.15:143-149.

Menon V, Gul A, Sarnak MJ (2005): Cardiovascular risk factors in chronic kidney disease.
Kidney Int.68:1413-1418.

Merx MW, Schafer C, Westenfeld R, Brandenburg V, Hidajat S, Weber C, Ketteler M, Jahnen-
Dechent W (2005): Myocardial stiffness, cardiac remodeling, and diastolic dysfunction in
calcification-prone fetuin-A-deficient mice. J. Am.Soc.Nephrol.16:3357-3364.

Millard RW, Hodgkin BC, Nelson CV (1978): Effect of ventricular end-diastolic volume on
vectorcardiographic potentials of the pig. Am.J.Physiol.235:182-187.

Miltenyi G, Tory K, Stubnya G, Toth-Heyn P, Vasarhelyi B, Sallay P, Szabo A, Tulassay T,
Dobos M, Reusz GS (2001): Monitoring cardiovascular changes during hemodialysis in children.
Pediatr.Nephrol.16:19-24.

Mitra S, Chandna SM, Farrington K (1999): What is hypertension in chronic haemodialysis? The
role of interdialytic blood pressure monitoring. Nephrol.Dial. Transplant.14:2915-2921.

Mitsnefes MM, Kimball TR, Border WL, Witt SA, Glascock BJ, Khoury PR, Daniels SR (2004):
Impaired left ventricular diastolic function in children with chronic renal failure. Kidney
Int.65:1461-1466.

Mittal SK, Kowalski E, Trenkle J, McDonough B, Halinski D, Devlin K, Boylan E, Flaster E,
Maesaka JK (1999): Prevalence of hypertension in a hemodialysis population.
Clin.Nephrol.51:77-82.

Miyazato J, Horio T, Takiuchi S, Kamide K, Sasaki O, Nakamura S, Nakahama H, Inenaga T,
Takishita S, Kawano Y (2005): Left ventricular diastolic dysfunction in patients with chronic
renal failure: impact of diabetes mellitus. Diabet.Med.22:730-736.

Moreno FL, Hagan AD, Holmen JR, Pryor TA, Strickland RD, Castle CH (1984): Evaluation of
size and dynamics of the inferior vena cava as an index of right-sided cardiac function.
Am.J.Cardiol.53:579-585.

Morrow CE, Schwartz JS, Sutherland DE, Simmons RL, Ferguson RM, Kjellstrand CM, Najarian

JS (1983): Predictive value of thallium stress testing for coronary and cardiovascular events in
uremic diabetic patients before renal transplantation. Am.J.Surg.146:331-335.

128



Mottram PM and Marwick TH (2005): Assessment of diastolic function: what the general
cardiologist needs to know. Heart.91:681-695.

Mukoyama M, Nakao K, Hosoda K, Suga S, Saito Y, Ogawa Y, Shirakami G, Jougasaki M,
Obata K, Yasue H (1991): Brain natriuretic peptide as a novel cardiac hormone in humans.
Evidence for an exquisite dual natriuretic peptide system, atrial natriuretic peptide and brain
natriuretic peptide. J.Clin.Invest.87:1402-1412.

Murphy RJ (1950): The effect of "rice diet" on plasma volume and extracellular fluid space in
hypertensive subjects. J.Clin.Invest.29:912-917.

Myreng Y and Smiseth OA (1990): Assessment of left ventricular relaxation by Doppler
echocardiography. Comparison of isovolumic relaxation time and transmitral flow velocities with
time constant of isovolumic relaxation. Circulation.81:260-266.

Myreng Y and Nitter-Hauge S (1989): Age-dependency of left ventricular filling dynamics and
relaxation as assessed by pulsed Doppler echocardiography. Clin.Physiol.9:99-106.

Maintymaa P, Vuolteenaho O, Marttila M, Ruskoaho H (1993): Atrial stretch induces rapid
increase in brain natriuretic peptide but not in atrial natriuretic peptide gene expression in vitro.
Endocrinology.133:1470-1473.

Nagueh SF, Rao L, Soto J, Middleton KJ, Khoury DS (2004): Haemodynamic insights into the
effects of ischaemia and cycle length on tissue Doppler-derived mitral annulus diastolic velocities.
Clin.Sci.106:147-154.

Nagueh SF, Sun H, Kopelen HA, Middleton KJ, Khoury DS (2001): Hemodynamic determinants
of the mitral annulus diastolic velocities by tissue Doppler. J.Am.Coll.Cardiol.37:278-285.

Nagueh SF, Lakkis NM, Middleton KJ, Spencer WH,3rd, Zoghbi WA, Quinones MA (1999):
Doppler estimation of left ventricular filling pressures in patients with hypertrophic
cardiomyopathy. Circulation.99:254-261.

Nagueh SF, Mikati I, Kopelen HA, Middleton KJ, Quinones MA, Zoghbi WA (1998): Doppler
estimation of left ventricular filling pressure in sinus tachycardia. A new application of tissue
doppler imaging. Circulation.98:1644-1650.

Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quinones MA (1997): Doppler tissue
imaging: a noninvasive technique for evaluation of left ventricular relaxation and estimation of
filling pressures. J.Am.Coll.Cardiol.30:1527-1533.

Nakagawa O, Ogawa Y, Itoh H, Suga S, Komatsu Y, Kishimoto I, Nishino K, Yoshimasa T,
Nakao K (1995): Rapid transcriptional activation and early mRNA turnover of brain natriuretic
peptide in cardiocyte hypertrophy. Evidence for brain natriuretic peptide as an "emergency"
cardiac hormone against ventricular overload. J.Clin.Invest.96:1280-1287.

Nakamura S, Uzu T, Inenaga T, Kimura G (2000): Prediction of coronary artery disease and
cardiac events using electrocardiographic changes during hemodialysis. Am.J.Kidney Dis.36:592-
599.

Narita I, Okada M, Omori S, Nagai M, Sawanaka N, Kondo D, Goto S, Shimada H, Shimotori T,
Arakawa M, Gejyo F (2001): The circadian blood pressure rhythm in non-diabetic hemodialysis
patients. Hypertens.Res.24:111-117.

Narula AS, Jha V, Bali HK, Sakhuja V, Sapru RP (2000): Cardiac arrhythmias and silent
myocardial ischemia during hemodialysis. Ren.Fail.22:355-368.

Nelson CV, Rand PW, Angelakos ET, Hugenholtz PG (1972): Effect of intracardiac blood on the
spatial vectorcardiogram. I. Results in the dog. Circ.Res.31:95-104.

129



Nielsen FS, Rossing P, Bang LE, Svendsen TL, Gall MA, Smidt UM, Parving HH (1995): On the
mechanisms of blunted nocturnal decline in arterial blood pressure in NIDDM patients with
diabetic nephropathy. Diabetes.44:783-789.

Nishikimi T, Futoo Y, Tamano K, Takahashi M, Suzuki T, Minami J, Honda T, Uetake S,
Asakawa H, Kobayashi N, Horinaka S, Ishimitsu T, Matsuoka H (2001): Plasma brain natriuretic
peptide levels in chronic hemodialysis patients: influence of coronary artery disease. Am.J.Kidney
Dis.37:1201-1208.

Nishimura RA and Tajik AJ (1997): Evaluation of diastolic filling of left ventricle in health and
disease: Doppler echocardiography is the clinician's Rosetta Stone. J.Am.Coll.Cardiol.30:8-18.

Nishimura RA and Appleton CP (1996): "Diastology": beyond E and A.
J.Am.Coll.Cardiol.27:372-374.

Nixon JV, Mitchell JH, McPhaul JJ,Jr, Henrich WL (1983): Effect of hemodialysis on left
ventricular function. Dissociation of changes in filling volume and in contractile state.
J.Clin.Invest.71:377-384.

Norgaard BL, Andersen K, Thygesen K, Ravkilde J, Abrahamsson P, Grip L, Dellborg M (2004):
Long term risk stratification of patients with acute coronary syndromes: characteristics of troponin
T testing and continuous ST segment monitoring. Heart.90:739-744.

Norgaard BL, Thygesen K, Gill S, Dellborg M (2000): A technical approach for optimizing
surveillance of patients with unstable coronary syndromes: continuous vectorcardiography
ischemic monitoring. Cardiology.94:131-138.

Norgaard BL, Rasmussen BM, Dellborg M, Thygesen K (1999): Temporal and positional
variability of the ST segment during continuous vectorcardiography monitoring in healthy
subjects. J.Electrocardiol.32:149-158.

Néppi SE, Saha HH, Virtanen VK, Mustonen JT, Pasternack Al (1999): Hemodialysis with high-
calcium dialysate impairs cardiac relaxation. Kidney Int.55:1091-1096.

Oguzhan A, Arinc H, Abaci A, Topsakal R, Kemal Eryol N, Ozdogru I, Basar E, Ergin A (2005):
Preload dependence of Doppler tissue imaging derived indexes of left ventricular diastolic
function. Echocardiography.22:320-325.

Ohlmeier H, Mannebach H, Gleichmann U (1983): Correlation between R-wave amplitude and
left ventricular volume at rest and with exercise. Clin.Cardiol.6:29-36.

Oki T, Tabata T, Yamada H, Wakatsuki T, Shinohara H, Nishikado A, Iuchi A, Fukuda N, Ito S
(1997): Clinical application of pulsed Doppler tissue imaging for assessing abnormal left
ventricular relaxation. Am.J.Cardiol.79:921-928.

Olthof CG, DE Vries PM, Kouw PM, Oe PL, Gerlag PG, Schneider H, Donker AJ (1992): The
recovery of the fluid balance after hemodialysis and hemofiltration. Clin.Nephrol.37:135-139.

Ommen SR and Nishimura RA (2003): A clinical approach to the assessment of left ventricular
diastolic function by Doppler echocardiography: update 2003. Heart.89 Suppl 3:18-23.

Ommen SR, Nishimura RA, Appleton CP, Miller FA, Oh JK, Redfield MM, Tajik AJ (2000):
Clinical utility of Doppler echocardiography and tissue Doppler imaging in the estimation of left
ventricular filling pressures: A comparative simultaneous Doppler-catheterization study.
Circulation.102:1788-1794.

Ono K, Hisasue Y, Kikawa K (1983): Effect of dialysate sodium concentration on the appearance
of ischemic EKG patterns. Nephron.33:182-185.

130



Ooi DS, Zimmerman D, Graham J, Wells GA (2001): Cardiac troponin T predicts long-term
outcomes in hemodialysis patients. Clin.Chem.47:412-417.

Oreto G, Luzza F, Donato A, Satullo G, Calabro MP, Consolo A, Arrigo F (1992):
Electrocardiographic changes associated with haematocrit variations. Eur.Heart J.13:634-637.

Ozkahya M, Toz H, Unsal A, Ozerkan F, Asci G, Gurgun C, Akcicek F, Mees EJ (1999):
Treatment of hypertension in dialysis patients by ultrafiltration: role of cardiac dilatation and time
factor. Am.J.Kidney Dis.34:218-221.

Ozkahya M, Ok E, Cirit M, Aydin S, Akcicek F, Basci A, Dorhout Mees EJ (1998): Regression of
left ventricular hypertrophy in haemodialysis patients by ultrafiltration and reduced salt intake
without antihypertensive drugs. Nephrol.Dial. Transplant.13:1489-1493.

Packer M (1990): Abnormalities of diastolic function as a potential cause of exercise intolerance
in chronic heart failure. Circulation.81:78-86.

Parfrey PS (1999): Pathogenesis of cardiac disease in dialysis patients. Seminars in
Dialysis.12:62-68.

Passauer J, Bussemaker E, Gross P (1998): Dialysis hypotension: do we see light at the end of the
tunnel? Nephrol.Dial. Transplant.13:3024-3029.

Paulus WJ (1998): How to diagnose diastolic heart failure. European Study Group on Diastolic
Heart Failure. Eur.Heart J.19:990-1003.

Peetz D, Schutt S, Sucke B, Faldum A, Wandel E, Hafner G, Lackner KJ (2003): Prognostic value
of troponin T, troponin I, and CK-MBmass in patients with chronic renal failure.
Med.Klin.(Munich).98:188-192.

Peixoto AJ and White WB (2002): Ambulatory blood pressure monitoring in chronic renal
disease: technical aspects and clinical relevance. Curr.Opin.Nephrol. Hypertens.11:507-516.

Peixoto AJ, Santos SF, Mendes RB, Crowley ST, Maldonado R, Orias M, Mansoor GA, White
WB (2000): Reproducibility of ambulatory blood pressure monitoring in hemodialysis patients.
Am.J.Kidney Dis.36:983-990.

Perazella M (1999): Approach to patients with intradialytic hypotension: A focus on therapeutic
options. Semin Dialysis.12:175-181.

Perez-Garcia R, Lopez-Gomez JM, Jofre R, Junco E, Valderrabano F (2001): Haemodialysis
dose, extracellular volume control and arterial hypertension. Nephrol.Dial. Transplant.16 Suppl
1:98-101.

Periyasamy SM, Chen J, Cooney D, Carter P, Omran E, Tian J, Priyadarshi S, Bagrov A,
Fedorova O, Malhotra D, Xie Z, Shapiro JI (2001): Effects of uremic serum on isolated cardiac
myocyte calcium cycling and contractile function. Kidney Int.60:2367-2376.

Peverill RE, Gelman JS, Mottram PM, Moir S, Jankelowitz C, Bain JL, Donelan L (2004):
Factors associated with mitral annular systolic and diastolic velocities in healthy adults.
J.Am.Soc.Echocardiogr.17:1146-1154.

Philipson JD, Carpenter BJ, Itzkoff J, Hakala TR, Rosenthal JT, Taylor RJ, Puschett JB (1986):
Evaluation of cardiovascular risk for renal transplantation in diabetic patients. Am.J.Med.81:630-

634.

Phillips RA and Diamond JA (2001): Diastolic function in hypertension. Curr.Cardiol.Rep.3:485-
497.

131



Pierratos A (1999): Nocturnal home haemodialysis: an update on a 5-year experience.
Nephrol.Dial. Transplant.14:2835-2840.

Pizzarelli F, Dattolo P, Piacenti M, Morales MA, Cerrai T, Maggiore Q (1995): Non-invasive
monitoring of hemodynamic parameters during hemodialysis. Int.J.Artif.Organs.18:499-503.

Plum J, Schoenicke G, Kleophas W, Kulas W, Steffens F, Azem A, Grabensee B (2001):
Comparison of body fluid distribution between chronic haemodialysis and peritoneal dialysis
patients as assessed by biophysical and biochemical methods. Nephrol.Dial. Transplant.16:2378-
2385.

Plum J, Ziyaie M, Kemmer FW, Passlick-Deetjen J, Grabensee B (1990): Intraindividual
comparison of ANP, cGMP and plasma catecholamines between HD and CAPD.
Adv.Perit.Dial.6:211-219.

Poerner TC, Goebel B, Unglaub P, Suselbeck T, Kaden JJ, Borggrefe M, Haase KK (2004): Non-
invasive evaluation of left ventricular filling pressures in patients with abnormal relaxation.
Clin.Sci.106:485-494.

Portaluppi F, Montanari L, Vergnani L, Tarroni G, Cavallini AR, Gilli P, Bagni B, degli Uberti
EC (1992): Loss of nocturnal increase in plasma concentration of atrial natriuretic peptide in
hypertensive chronic renal failure. Cardiology.80:312-323.

Prasad A, Okazaki K, Arbab-Zadeh A, Dijk E, Fu Q, Thomas JD, Levine BD (2005):
Abnormalities of Doppler measures of diastolic function in the healthy elderly are not related to
alterations of left atrial pressure. Circulation.111:1499-1503.

Quinones MA (2005): Assessment of diastolic function. Prog.Cardiovasc.Dis.47:340-355.

Ragosta M, Samady H, Isaacs RB, Gimple LW, Sarembock 1J, Powers ER (2004): Coronary flow
reserve abnormalities in patients with diabetes mellitus who have end-stage renal disease and
normal epicardial coronary arteries. Am.Heart J.147:1017-1023.

Rahman M, Griffin V, Kumar A, Manzoor F, Wright JT,Jr, Smith MC (2002): A comparison of
standardized versus "usual" blood pressure measurements in hemodialysis patients. Am.J.Kidney
Dis.39:1226-1230.

Rahman M, Fu P, Sehgal AR, Smith MC (2000): Interdialytic weight gain, compliance with
dialysis regimen, and age are independent predictors of blood pressure in hemodialysis patients.
Am.J Kidney Dis.35:257-265.

Rahman M, Dixit A, Donley V, Gupta S, Hanslik T, Lacson E, Ogundipe A, Weigel K, Smith MC
(1999): Factors associated with inadequate blood pressure control in hypertensive hemodialysis
patients. Am.J.Kidney Dis.33:498-506.

Raine AE (1996): The susceptible patient. Nephrol.Dial. Transplant.11 Suppl 2:6-10.

Raine AE, Margreiter R, Brunner FP, Ehrich JH, Geerlings W, Landais P, Loirat C, Mallick NP,
Selwood NH, Tufveson G (1992): Report on management of renal failure in Europe, XXII, 1991.
Nephrol.Dial. Transplant.7 Suppl 2:7-35.

Ramanathan V, Goral S, Tanriover B, Feurer ID, Kazancioglu R, Shaffer D, Helderman JH
(2005): Screening asymptomatic diabetic patients for coronary artery disease prior to renal

transplantation. Transplantation.79:1453-1458.

Rascher W, Tulassay T, Lang RE (1985): Atrial natriuretic peptide in plasma of volume-
overloaded children with chronic renal failure. Lancet.2:303-305.

132



Redfield MM, Jacobsen SJ, Burnett JC,Jr, Mahoney DW, Bailey KR, Rodeheffer RJ (2003):
Burden of systolic and diastolic ventricular dysfunction in the community: appreciating the scope
of the heart failure epidemic. JAMA.289:194-202.

Regolisti G, Coghi P, Orlandini G, Zoni A, Guariglia A, Vinci S, Borghetti A (1997): Effects of
reduced preload on diastolic filling in essential hypertensive patients with increased left
ventricular mass. Am.J.Hypertens.10:447-453.

Reis G, Marcovitz PA, Leichtman AB, Merion RM, Fay WP, Werns SW, Armstrong WF (1995):
Usefulness of dobutamine stress echocardiography in detecting coronary artery disease in end-
stage renal disease. Am.J.Cardiol.75:707-710.

Ritz E, Schwenger V, Zeier M, Rychlik I (2001): Ambulatory blood pressure monitoring: fancy
gadgetry or clinically useful exercise? Nephrol.Dial. Transplant.16:1550-1554.

Ritz E (1999): How important is volume excess in the etiology of hypertension in dialysis
patients? Seminars In Dialysis.12:296-306.

Rocco MV, Yan G, Heyka RJ, Benz R, Cheung AK, HEMO Study Group (2001): Risk factors for
hypertension in chronic hemodialysis patients: baseline data from the HEMO study.
Am.J.Nephrol.21:280-288.

Rodby RA, Vonesh EF, Korbet SM (1994): Blood pressures in hemodialysis and peritoneal
dialysis using ambulatory blood pressure monitoring. Am.J.Kidney Dis.23:401-411.

Rodriguez L, Garcia M, Ares M, Griffin BP, Nakatani S, Thomas JD (1996): Assessment of
mitral annular dynamics during diastole by Doppler tissue imaging: comparison with mitral
Doppler inflow in subjects without heart disease and in patients with left ventricular hypertrophy.
Am.Heart J.131:982-987.

Rosansky SJ, Menachery SJ, Wagner CM, Jackson K (1995): Circadian blood pressure variation
versus renal function. Am.J Kidney Dis.26:716-721.

Rosenthal A, Resticaux NJ, Feig SA (1971): Influence of acute variations in hematocrit on the
QRS complex of the Frank electrocardiogram. Circulation.44:456-465.

Rossi A, Cicoira M, Golia G, Zanolla L, Franceschini L, Marino P, Graziani M, Zardini P (2004):
Amino-terminal propeptide of type III procollagen is associated with restrictive mitral filling
pattern in patients with dilated cardiomyopathy: a possible link between diastolic dysfunction and
prognosis. Heart.90:650-654.

Rossi A, Cicoira M, Zanolla L, Sandrini R, Golia G, Zardini P, Enriquez-Sarano M (2002):
Determinants and prognostic value of left atrial volume in patients with dilated cardiomyopathy.
J.Am.Coll.Cardiol.40:1425.

Rossvoll O and Hatle LK (1993): Pulmonary venous flow velocities recorded by transthoracic
Doppler ultrasound: relation to left ventricular diastolic pressures. J. Am.Coll.Cardiol.21:1687-
1696.

Rostand SG, Sanders C, Kirk KA, Rutsky EA, Fraser RG (1988): Myocardial calcification and
cardiac dysfunction in chronic renal failure. Am.J.Med.85:651-657.

Rostand SG, Kirk KA, Rutsky EA (1984): Dialysis-associated ischemic heart disease: insights
from coronary angiography. Kidney Int.25:653-659.

Rozich JD, Smith B, Thomas JD, Zile MR, Kaiser J, Mann DL (1991): Dialysis-induced

alterations in left ventricular filling: mechanisms and clinical significance. Am.J.Kidney
Dis.17:277-285.

133



Rudy Y, Plonsey R, Liebman J (1979): The effects of variations in conductivity and geometrical
parameters on the electrocardiogram, using an eccentric spheres model. Circ.Res.44:104-111.

Ruffmann K, Mandelbaum A, Bommer J, Schmidli M, Ritz E (1990): Doppler echocardiographic
findings in dialysis patients. Nephrol.Dial. Transplant.5:426-431.

Ruskoaho H, Leskinen H, Magga J, Taskinen P, Médntymaa P, Vuolteenaho O, Leppéluoto J
(1997): Mechanisms of mechanical load-induced atrial natriuretic peptide secretion: role of
endothelin, nitric oxide, and angiotensin II. J.Mol.Med.75:876-885.

Sadler DB, Brown J, Nurse H, Roberts J (1992): Impact of hemodialysis on left and right
ventricular Doppler diastolic filling indices. Am.J.Med.Sci.304:83-90.

Salem MM (2002): Pathophysiology of hypertension in renal failure. Semin.Nephrol.22:17-26.

Salem MM (1995): Hypertension in the hemodialysis population: a survey of 649 patients.
Am.J.Kidney Dis.26:461-468.

Santoro A, Mancini E, Paolini F, Cavicchioli G, Bosetto A, Zucchelli P (1998): Blood volume
regulation during hemodialysis. Am.J.Kidney Dis.32:739-748.

Santoro A, Mancini E, Paolini F, Zucchelli P (1996): Blood volume monitoring and control.
Nephrol.Dial. Transplant.11 Suppl 2:42-47.

Santoro A (1995): On-line monitoring. Nephrol.Dial.Transplant.10:615-618.

Santoro A, Mancini E, Spongano M, Rossi M, Paolini F, Zucchelli P (1990): A haemodynamic
study of hypotension during haemodialysis using electrical bioimpedance cardiography.
Nephrol.Dial. Transplant.5 Suppl 1:147-153.

Santos SF, Mendes RB, Santos CA, Dorigo D, Peixoto AJ (2003): Profile of interdialytic blood
pressure in hemodialysis patients. Am.J.Nephrol.23:96-105.

Savage T, Fabbian F, Giles M, Tomson CR, Raine AE (1997): Interdialytic weight gain and 48-h
blood pressure in haemodialysis patients. Nephrol.Dial. Transplant.12:2308-2311.

Scharfetter H, Wirnsberger GH, Holzer H, Hutten H (1997): Influence of ionic shifts during
dialysis on volume estimations with multifrequency impedance analysis.
Med.Biol.Eng.Comput.35:96-102.

Schirmer H, Lunde P, Rasmussen K (2000): Mitral flow derived Doppler indices of left
ventricular diastolic function in a general population; the Tromso study. Eur.Heart J.21:1376-
1386.

Schmidt A, Stefenelli T, Schuster E, Mayer G (2001): Informational contribution of noninvasive
screening tests for coronary artery disease in patients on chronic renal replacement therapy.
Am.J.Kidney Dis.37:56-63.

Schmidt MA and Starling MR (2000): Physiologic assessment of left ventricular systolic and
diastolic performance. Curr.Probl.Cardiol.25:827-908.

Schneditz D, Roob J, Oswald M, Pogglitsch H, Moser M, Kenner T, Binswanger U (1992):
Nature and rate of vascular refilling during hemodialysis and ultrafiltration. Kidney Int.42:1425-

1433.

Schreiber MJ (2001): Clinical dilemmas in dialysis: Managing the hypotensive patient. Am J
Kidney Dis.38:S1-10.

134



Schroeder AP, Kristensen BO, Nielsen CB, Pedersen EB (1997): Heart function in patients with
chronic glomerulonephritis and mildly to moderately impaired renal function. An
echocardiographic study. Blood Press.6:286-293.

Scribner BH (1990): A personalized history of chronic hemodialysis. Am.J.Kidney Dis.16:511-
519.

Scribner BH, Buri R, Caner JE, Hegstrom R, Burnell JM (1960): The treatment of chronic uremia
by means of intermittent hemodialysis: a preliminary report.
Trans.Am.Soc.Artif. Intern.Organs.6:114-122.

Severi S, Vecchietti S, Cavalcanti S, Mancini E, Santoro A (2003): Electrocardiographic changes
during hemodiafiltration with different potassium removal rates. Blood Purif.21:381-388.

Shaldon S (2006): An explanation for the "lag phenomenon" in drug-free control of hypertension
by dietary salt restriction in patients with chronic kidney disease on hemodialysis.
Clin.Nephrol.66:1-2.

Shan K, Bick RJ, Poindexter BJ, Shimoni S, Letsou GV, Reardon MJ, Howell JF, Zoghbi WA,
Nagueh SF (2000): Relation of tissue Doppler derived myocardial velocities to myocardial
structure and beta-adrenergic receptor density in humans. J.Am.Coll.Cardiol.36:891-896.

Shapira OM and Bar-Khayim Y (1992): ECG changes and cardiac arrhythmias in chronic renal
failure patients on hemodialysis. J.Electrocardiol.25:273-279.

Sharma R, Pellerin D, Gaze DC, Gregson H, Streather CP, Collinson PO, Brecker SJ (2005):
Dobutamine stress echocardiography and the resting but not exercise electrocardiograph predict
severe coronary artery disease in renal transplant candidates. Nephrol.Dial. Transplant.20:2207-
2214.

Sherman RA, Daniel A, Cody RP (1993): The effect of interdialytic weight gain on predialysis
blood pressure. Artif.Organs.17:770-774.

Shimizu Y, Uematsu M, Shimizu H, Nakamura K, Yamagishi M, Miyatake K (1998): Peak
negative myocardial velocity gradient in early diastole as a noninvasive indicator of left
ventricular diastolic function: comparison with transmitral flow velocity indices.
J.Am.Coll.Cardiol.32:1418-1425.

Shlipak MG, Fried LF, Crump C, Bleyer AJ, Manolio TA, Tracy RP, Furberg CD, Psaty BM
(2002): Cardiovascular disease risk status in elderly persons with renal insufficiency. Kidney
Int.62:997-1004.

Sim MF, Ho SF, O'Mahony MS, Steward JA, Buchalter M, Burr M (2004): European reference
values for Doppler indices of left ventricular diastolic filling. Eur.J. Heart Fail.6:433-438.

Singh N, Langer A, Freeman MR, Goldstein MB (1994): Myocardial alterations during
hemodialysis: insights from new noninvasive technology. Am.J.Nephrol.14:173-181.

Sinning WE, De Oreo PB, Morgan AL, Brister EC (1993): Monitoring hemodialysis changes with
bioimpedance. What do we really measure? ASAIO J.39:584-589.

Slama M, Ahn J, Peltier M, Maizel J, Chemla D, Varagic J, Susic D, Tribouilloy C, Frohlich ED
(2005): Validation of echocardiographic and Doppler indexes of left ventricular relaxation in adult

hypertensive and normotensive rats. Am.J.Physiol.Heart Circ.Physiol.289:1131-1136.

Smiseth OA and Thompson CR (2000): Atrioventricular filling dynamics, diastolic function and
dysfunction. Heart Fail.Rev.5:291-299.

135



Song JH, Lee SW, Suh CK, Kim MJ (2002): Time-averaged concentration of dialysate sodium
relates with sodium load and interdialytic weight gain during sodium-profiling hemodialysis.
Am.J.Kidney Dis.40:291-301.

Sorof JM, Brewer ED, Portman RJ (1999): Ambulatory blood pressure monitoring and
interdialytic weight gain in children receiving chronic hemodialysis. Am.J.Kidney Dis.33:667-
674.

Sorrell VL (2001): Diagnostic tools and management strategies for coronary artery disease in
patients with end-stage renal disease. Semin.Nephrol.21:13-24.

Spiegel DM, Bashir K, Fisch B (2000): Bioimpedance resistance ratios for the evaluation of dry
weight in hemodialysis. Clin.Nephrol.53:108-114.

Staessen JA, Bieniaszewski L, O'Brien ET, Fagard R (1996): Special feature: what is a normal
blood pressure in ambulatory monitoring? Nephrol.Dial. Transplant.11:241-245.

Steuer RR, Harris DH, Conis JM (1993): A new optical technique for monitoring hematocrit and
circulating blood volume: Its application in renal dialysis. Dial Transplant.22:1993.

Stewart GA, Gansevoort RT, Mark PB, Rooney E, McDonagh TA, Dargie HJ, Stuart R, Rodger
C, Jardine AG (2005): Electrocardiographic abnormalities and uremic cardiomyopathy. Kidney
Int.67:217-226.

Stoddard MF, Pearson AC, Kern MJ, Ratcliff J, Mrosek DG, Labovitz AJ (1989): Influence of
alteration in preload on the pattern of left ventricular diastolic filling as assessed by Doppler
echocardiography in humans. Circulation.79:1226-1236.

Straver B, Roggekamp MC, DE Vries PM, ter Wee PM (1998): Systemic vascular resistance in
intradialytic hypotension determined by means of impedance cardiography. Blood Purif.16:281-
289.

Sundereswaran L, Nagueh SF, Vardan S, Middleton KJ, Zoghbi WA, Quinones MA, Torre-
Amione G (1998): Estimation of left and right ventricular filling pressures after heart
transplantation by tissue Doppler imaging. Am.J.Cardiol.82:352-357.

Surawicz B (1967): Relationship between electrocardiogram and electrolytes. Am.Heart J.73:814-
834.

Sutherland DJ, McPherson DD, Spencer CA, Armstrong CS, Horacek BM, Montague TJ (1983):
Effects of posture and respiration on body surface electrocardiogram. Am.J.Cardiol.52:595-600.

Szabo Z, Kakuk G, Fulop T, Matyus J, Balla J, Karpati I, Juhasz A, Kun C, Karanyi Z, Lorincz I
(2002): Effects of haemodialysis on maximum P wave duration and P wave dispersion.
Nephrol.Dial. Transplant.17:1634-1638.

Sztajzel J, Ruedin P, Monin C, Stoermann C, Leski M, Rutishauser W, Lerch R (1993): Effect of
altered loading conditions during haemodialysis on left ventricular filling pattern. Eur.Heart
J.14:655-661.

Tadokoro M, Osumi Y, Minatoguchi S, Kariya T, Yokoyama H, Araki H, Sawada S, Ohashi S,
Ohashi S, Watanage S, Ito H, Fujiwara H (2006): Plasma BNP level in chronic hemodialysis
patients: A good indicator of left ventricular diastolic dysfunction? Dialysis &
Tranplantation.35:10-17.

Takahashi H, Matsuo S, Toriyama T, Kawahara H, Hayano J (1996): Autonomic dysfunction in
hemodialysis patients with persistent hypotension. Nephron.72:418-423.

136



Tarjan J, Gofman L, Vari L, Karatson A (1975): Changes in the electrocardiogram,
vectorcardiogram and ballistocardiogram after hemodialysis in chronic uremia.
Bibl.Cardiol.(33):223-230.

Tavi P, Laine M, Voutilainen S, Lehenkari P, Vuolteenaho O, Ruskoaho H, Weckstrom M (1999):
Potentiation of stretch-induced atrial natriuretic peptide secretion by intracellular acidosis.
Am.J.Physiol.277:405-412.

Temporelli PL, Giannuzzi P, Nicolosi GL, Latini R, Franzosi MG, Gentile F, Tavazzi L,
Maggioni AP, GISSI-3 Echo Substudy Investigators. (2004): Doppler-derived mitral deceleration
time as a strong prognostic marker of left ventricular remodeling and survival after acute
myocardial infarction: results of the GISSI-3 echo substudy. J.Am.Coll.Cardiol.43:1646-1653.

Tenenbaum A, Motro M, Hod H, Kaplinsky E, Vered Z (1996): Shortened Doppler-derived mitral
A wave deceleration time: an important predictor of elevated left ventricular filling pressure.
J.Am.Coll.Cardiol.27:700-705.

Tetsuka T, Ando Y, Ono S, Asano Y (1995): Change in inferior vena caval diameter detected by
ultrasonography during and after hemodialysis. ASAIO J.41:105-110.

Thamilarasan M, Grimm R, Rodriguez L, Sun J, Odabashian J, Agler D, Morehead A, Chung M,
Klein A, Thomas J (2000): Left ventricular diastolic dysfunction in lone atrial fibrillation
determined by Doppler tissue imaging of mitral annular motion. Am.J.Cardiol. 86:1026-1029.

Thein H, Haloob I, Marshall MR (2007): Associations of a facility level decrease in dialysate
sodium concentration with blood pressure and interdialytic weight gain.
Nephrol.Dial.Transplant.22:2630-2639.

Thode J, Fogh-Andersen N, Siggaard-Andersen M, Siggaard-Andersen O (1983): Donnan effect
or protein interference in ionised calcium measurements? Ann.Clin.Biochem.20 (Pt 5):271-273.

Thomson GE, Waterhouse K, McDonald HP,Jr, Friedman EA (1967): Hemodialysis for chronic
renal failure. Clinical observations. Arch.Intern.Med.120:153-167.

Tojo A, Kimoto M, Wilcox CS (2000): Renal expression of constitutive NOS and DDAH:
separate effects of salt intake and angiotensin. Kidney Int.58:2075-2083.

Tomson CR (2001): Advising dialysis patients to restrict fluid intake without restricting sodium
intake is not based on evidence and is a waste of time. Nephrol.Dial. Transplant.16:1538-1542.

Traeger J, Sibai-Galland R, Delawari E, Arkouche W (1998): Daily versus standard hemodialysis:
one year experience. Artif.Organs.22:558-563.

Tripepi G, Fagugli RM, Dattolo P, Parlongo G, Mallamaci F, Buoncristiani U, Zoccali C (2005):
Prognostic value of 24-hour ambulatory blood pressure monitoring and of night/day ratio in
nondiabetic, cardiovascular events-free hemodialysis patients. Kidney Int.68:1294-1302.

Tsang t; Gersh B, Appleton Cajik A, Barnes M, Bailey K, Oh J, Leibson C, Montgomery S,
Seward J (2002): Left ventricular diastolic dysfunction as a predictor of the first diagnosed
nonvalvular atrial fibrillation in 840 elderly men and women. J.Am.Coll.Cardiol.40:1636-1644.

Tschope C, Kasner M, Westermann D, Gaub R, Poller WC, Schultheiss HP (2005): The role of
NT-proBNP in the diagnostics of isolated diastolic dysfunction: correlation with
echocardiographic and invasive measurements. Eur.Heart J.26:2277-2284.

Ueno Y, Nakamura Y, Kinoshita M, Fujita T, Sakamoto T, Okamura H (2002): An early predictor
of left ventricular remodeling after reperfused anterior acute myocardial infarction: ratio of peak E
wave velocity/flow propagation velocity and mitral E wave deceleration time.
Echocardiography.19:555-563.

137



Upton MT, Gibson DG, Brown DJ (1976): Echocardiographic assessment of abnormal left
ventricular relaxation in man. Br.Heart J.38:1001-1009.

Uusimaa P, Huttunen K, Ruskoaho H, Linnaluoto M, Ikdheimo M (1999): Neurohumoral
responses to a single haemodialysis in chronic renal patients. Acta Physiol.Scand.165:25-31.

van Kreel BK (1994): An improved bromide assay for the estimation of extracellular water
volume by capillary gas chromatography. Clin.Chim.Acta.231:117-128.

van Kuijk WH, Luik AJ, de Leeuw PW, van Hooff JP, Nieman FH, Habets HM, Leunissen KM
(1995): Vascular reactivity during haemodialysis and isolated ultrafiltration: thermal influences.
Nephrol.Dial. Transplant.10:1852-1858.

Vancheri F and Barberi O (1989): Relationship of QRS amplitude to left ventricular dimensions
after acute blood volume reduction in normal subjects. Eur.Heart J.10:341-345.

Vasan RS, Benjamin EJ, Levy D (1995): Prevalence, clinical features and prognosis of diastolic
heart failure: an epidemiologic perspective. J. Am.Coll.Cardiol.26:1565-1574.

Vasavada N and Agarwal R (2003): Role of excess volume in the pathophysiology of
hypertension in chronic kidney disease. Kidney Int.64:1772-1779.

Velasquez MT, von Albertini B, Lew SQ, Mishkin GJ, Bosch JP (1998): Equal levels of blood
pressure control in ESRD patients receiving high-efficiency hemodialysis and conventional
hemodialysis. Am.J.Kidney Dis.31:618-623.

Ventura JE and Sposito M (1997): Volume sensitivity of blood pressure in end-stage renal
disease. Nephrol.Dial. Transplant.12:485-491.

Verdecchia P, Schillaci G, Borgioni C, Ciucci A, Porcellati C (1998): White-coat hypertension:
not guilty when correctly defined. Blood Press.Monit.3:147-152.

Vertes V, Cangiano JL, Berman LB, Gould A (1969): Hypertension in end-stage renal disease.
N.Engl.J.Med.280:978-981.

Vickery S, Price CP, John RI, Abbas NA, Webb MC, Kempson ME, Lamb EJ (2005): B-type
natriuretic peptide (BNP) and amino-terminal proBNP in patients with CKD: relationship to renal
function and left ventricular hypertrophy. Am.J.Kidney Dis.46:610-620.

Vignon P, Allot V, Lesage J, Martaille JF, Aldigier JC, Francois B, Gastinne H (2007): Diagnosis
of left ventricular diastolic dysfunction in the setting of acute changes in loading conditions.
Crit.Care.11:R43.

Vinereanu D, Nicolaides E, Tweddel AC, Fraser AG (2005): "Pure" diastolic dysfunction is
associated with long-axis systolic dysfunction. Implications for the diagnosis and classification of
heart failure. Eur.J.Heart Fail.7:820-828.

Virtanen VK, Saha HH, Groundstroem KW, Seppild ES, Pasternack Al (1998a): Calcium
infusion and left ventricular diastolic function in patients with chronic renal failure.
Nephrol.Dial. Transplant.13:384-388.

Virtanen VV and Groundstroem K (1998b): Influence of Pulsed-Doppler Sample Volume
Location and Upper Body Tilt on Left Ventricular Filling Indices in Healthy Persons.
Echocardiography.15:611-616.

Vitolo E, Madoi S, Palvarini M, Sponzilli C, de Maria R, Ciro E, Colombo AE, Vallino F,

Saruggia M (1987): Relationship between changes in R wave voltage and cardiac volumes. A
vectorcardiographic study during hemodialysis. J.Electrocardiol.20:138-146.

138



Voukydis PC (1974): Effect of intracardiac blood on the electrocardiogram.
N.Engl.J.Med.291:612-616.

Wallin CJ, Rossi P, Jacobson SH, Leksell LG (2004): Central blood volume, atrial natriuretic
peptide and intermittent hemodialysis. Scand.J.Urol.Nephrol.38:78-84.

Wiese S, Breyer T, Dragu A, Wakili R, Burkard T, Schmidt-Schweda S, Fuchtbauer EM,
Dohrmann U, Beyersdorf F, Radicke D, Holubarsch CJ (2000): Gene expression of brain
natriuretic peptide in isolated atrial and ventricular human myocardium: influence of angiotensin
II and diastolic fiber length. Circulation.102:3074-3079.

Williams AW, O'Sullivan DA, MvCarthy JT (1999): Slow nocturnal and short daily
hemodialysis: a comparison. Semin Dial.12:431-439.

Wizemann V and Timio M (1998): Dialysis schedule-related fluid state and cardiovascular
effects. Nephrol.Dial. Transplant.13 Suppl 6:91-93.

Wizemann V (1996): Points to remember when dialysing the patient with coronary disease.
Nephrol.Dial. Transplant.11:236-238.

Wizemann V and Schilling M (1995): Dilemma of assessing volume state--the use and the
limitations of a clinical score. Nephrol.Dial. Transplant.10:2114-2117.

Wizemann V, Blank S, Kramer W (1994): Diastolic dysfunction of the left ventricle in dialysis
patients. Contrib.Nephrol.106:106-109.

Wizemann V, Timio M, Alpert MA, Kramer W (1993): Options in dialysis therapy: significance
of cardiovascular findings. Kidney Int.Suppl.40:S85-91.

Wizemann V, Kramer W, Thormann J (1983): Dissociation between alterations in myocardial
perfusion and R-wave amplitude after hemodialysis. Nephron.35:213-214.

Wolff L, Wolff R, Samartzis MD, Mazzoleni A, Soffe AM, Reiner L, Matsuoka S (1961):
Vectorcardiographic diagnosis. A correlation with autopsy findings in 167 cases.
Circulation.23:861-880.

Wolfram G, Sitter T, Gottsmann M, Gerzer R, Schiffl H (1996): Assessment of dry weight in
haemodialysis patients by the volume markers ANP and cGMP. Nephrol.Dial. Transplant.11 Suppl
2:28-30.

Wong WF, Gold S, Fukuyama O, Blanchette PL (1989): Diastolic dysfunction in elderly patients
with congestive heart failure. Am.J.Cardiol.63:1526-1528.

Woods JD, Port FK, Orzol S, Buoncristiani U, Young E, Wolfe RA, Held PJ (1999): Clinical and
biochemical correlates of starting "daily" hemodialysis. Kidney Int.55:2467-2476.

Woolf AS (1989): Atrial natriuretic peptide and renal disease. Nephrol.Dial. Transplant.4:1008-
1015.

Wright J, Shurrab A, Cooper A, Foley R, Kalra P (2003): The epidemiology of cardiac
dysfunction in patients with atherosclerotic renovascular disease (ARVD). J Am Soc

Nephrol.14:673A.

Yap JC, Wang YT, Poh SC (1998): Effect of oxygen on breathing irregularities during
haemodialysis in patients with chronic uraemia. Eur.Respir.J.12:420-425.

Yilmaz M, Erol MK, Cetinkaya R, Alp N (2002): Effect of haemodialysis on left atrial
mechanical function in patients with chronic renal failure. Acta Cardiol.57:257-260.

139



Yip G, Wang M, Zhang Y, Fung JW, Ho PY, Sanderson JE (2002): Left ventricular long axis
function in diastolic heart failure is reduced in both diastole and systole: time for a redefinition?
Heart.87:121-125.

Yu CM, Lin H, Yang H, Kong SL, Zhang Q, Lee SW (2002): Progression of systolic
abnormalities in patients with "isolated" diastolic heart failure and diastolic dysfunction.
Circulation.105:1195-1201.

Yusuf S, Pfeffer MA, Swedberg K, Granger CB, Held P, McMurray JJ, Michelson EL, Olofsson
B, Ostergren J, CHARM Investigators and Committees. (2003): Effects of candesartan in patients
with chronic heart failure and preserved left-ventricular ejection fraction: the CHARM-Preserved
Trial. Lancet.362:777-781.

Zaslavsky LM, Pinotti AF, Gross JL (2005): Diastolic dysfunction and mortality in diabetic
patients on hemodialysis: a 4.25-year controlled prospective study. J.Diabetes
Complications.19:194-200.

Zebe H (2000): Atrial fibrillation in dialysis patients. Nephrol.Dial. Transplant.15:765-768.

Zhu F, Schneditz D, Levin NW (1999): Sum of segmental bioimpedance analysis during
ultrafiltration and hemodialysis reduces sensitivity to changes in body position. Kidney
Int.56:692-699.

Zile MR and Brutsaert DL (2002): New concepts in diastolic dysfunction and diastolic heart
failure: Part I: diagnosis, prognosis, and measurements of diastolic function.
Circulation.105:1387-1393.

Zile MR, Gaasch WH, Carroll JD, Feldman MD, Aurigemma GP, Schaer GL, Ghali JK, Liebson
PR (2001): Heart failure with a normal ejection fraction: is measurement of diastolic function
necessary to make the diagnosis of diastolic heart failure? Circulation.104:779-782.

Zoccali C, Benedetto FA, Mallamaci F, Tripepi G, Giacone G, Cataliotti A, Seminara G,
Stancanelli B, Malatino LS, CREED Investigators. (2001): Prognostic impact of the indexation of
left ventricular mass in patients undergoing dialysis. J.Am.Soc.Nephrol.12:2768-2774.

Zoccali C, Mallamaci F, Tripepi G, Benedetto FA, Cottini E, Giacone G, Malatino L (1999):
Prediction of left ventricular geometry by clinic, pre-dialysis and 24-h ambulatory BP monitoring
in hemodialysis patients: CREED investigators. J.Hypertens.17:1751-1758.

Zoccali C, Benedetto FA, Tripepi G, Cambareri F, Panuccio V, Candela V, Mallamaci F, Enia G,
Labate C, Tassone F (1998): Nocturnal hypoxemia, night-day arterial pressure changes and left
ventricular geometry in dialysis patients. Kidney Int.53:1078-1084.

Zoghbi WA, Rokey R, Limacher MC, Quinones MA (1987): Assessment of left ventricular
diastolic filling by two-dimensional echocardiography. Am.Heart J.113:1108-1113.

Zuber M, Steinmann E, Huser B, Ritz R, Thiel G, Brunner F (1989): Incidence of arrhythmias and

myocardial ischaemia during haemodialysis and haemofiltration. Nephrol.Dial. Transplant.4:632-
634.

140



9 Original communications

The permission of the following publishers to reprint the original publications is
acknowledged:

S. Karger AG, Basel, Switzerland (I, I1)
Dustri-Verlag Dr. Karl Feistle, Miinchen-Deisenhofen (111, 1V)

Oxford University Press, Oxford, United Kindom (V)

141



NEPHRON

S. Ojanen
K. Pietild
A. Pasternack

Medical School, University of Tampere,
and Department of Medicine, Tampere
University Hospital, Finland

Key Words

Atrial natriuretic peptide
Ambulatory blood pressure
Hemodialysis

Weight

Introduction

The prevalence of hypertension in patients with end-

Original Paper

Nephron 1996;73:174-178

Plasma Atrial Natriuretic Peptide,
Body Weight and Twenty-Four-Hour
Blood Pressure Monitoring in
Chronic Hemodialysis Patients

..................................................................................................

Abstract

In this study we investigated the interactions between volume changes (body
weight), plasma atrial natriuretic peptide (pPANP) and ambulatory blood pres-
sure (BP) in 10 patients with end-stage renal disease undergoing regular hemo-
dialysis (HD) treatment three times weekly. Most patients retained their diur-
nal BP variation when their BP was adequately controlled. Interdialytic
weight gain was 1.3 = 0.2 kg and the day-time systolic BP increased 12.5 +
4.8 mm Hg on the second interdialytic day. pANP did not correlate (r = -0.07,
p = 0.85) with this BP elevation, but there was a fairly strong positive correla-
tion (r=0.61, p = 0.06) between interdialytic weight gain and systolic BP. The
mean pANP level decreased from 149.7 £ 18.2 to 117 £ 0.1 ng/l during HD
and continued its decrease to 83 = 12.2 ng/l at 20 h after an HD session. The
total decrease from 149.7 = 18.2 to 83 £ 12.2 ng/l was statistically significant
(p =0.001). Since the lowest pANP value was found 20 h after completion of
the dialysis session, body weight is a more reliable indicator of volume reduc-
tion during HD than pANP. The results indicate that in HD patients weight
gain between two dialysis sessions increases the day-time systolic BP but not
the diastolic BP. Diurnal BP variation is maintained as long as BP is adequate-
ly controlled either by volume control or by drug treatment.

......................

may be more suitable, and results obtained with this tech-
nique would seem to indicate that hypertension is in fact
inadequately controlled in most HD patients treated for

stage renal disease ranges from 70 to 90% [1]. In most
patients, hypertension is controlled by adequate hemodi-
alysis (HD) and fluid restriction, and only 10-20% of HD
patients are considered to require antihypertensive agents
[2]. Isolated blood pressure (BP) readings will not show all
clinically important BP features that occur during dialysis
and the interdialytic period. Ambulatory BP monitoring

hypertension [2] and that the normal day-night BP varia-
tion may be absent in HD patients [3]. This nocturnal
hypertension is correlated with left ventricular hypertro-
phy [4] and suggested to lead to additional cardiovascular
mortality.

The pathogenesis of hypertension in HD patients is
multifactorial, but sodium-volume excess is considered to
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Table 1. Clinical data of the patients studied

Patients
1 2 3 4 < 6 7 8 9 10
Name EM. L.U. P.V. LM. PJ. SK. S.A. UA. V.R. AM.
Sex male female female female male female female male female male
Age, years 67 56 67 30 32 62 57 73 55 48
Type of kidney disease shock APKD ADPKD chronic chronic chronic ADPKD  chronic ADPKD  ADPKD
kidney glomerulo- glomerulo- glomerulo- kidney
nephritis  nephritis  nephritis failure
Time on dialysis, y:m 6:0 1.7 0:2 0:11 0:6 0:6 1:10 0:10 0:5 2:5
Type of dialyzer polysulfone cellulose  cellulo- cellulose  cellulose  polysulfone cellulose  cellulose = PMMA polysulfone
membrane (F-40) acetate synthetic acetate acetate (HFL-F6)  acetate acetate (B2-1.0H) (HFL-F8)
(Cal70) (Moderato) (Cal130) (Cal70) (Ca130) (Ca130)
Diuresis/day, ml 1,100 350 1,300 0 0 1,500 1,200 450 1,550 0
Kidney transplantation no no no yes yes np no no no yes
before dialysis
Antihypertensive medication
Before dialysis yes yes yes yes yes yes yes yes yes yes
On dialysis no no no no no no yes yes no no

ADPKD = Adult dominant polycystic kidney disease; PMMA = polymethylmethacrylate.

be the most important cause [5]. On the other hand, many
vasoactive substances are known to modify the BP of HD
patients [6]. One of these is atrial natriuretic peptide
(ANP), which is a potent vasodilator. Plasma ANP
(pANP) concentrations are elevated in patients with end-
stage renal disease and in HD patients [7, 8]. The most
likely reason for this is volume expansion, not decreased
renal excretion. Infusion of pharmacological doses of
ANP into normal and hypertensive subjects leads to a rap-
id and sustained reduction in BP, but the role of pANP as
a BP regulator in HD patients is controversial [9, 10]. Our
purpose was to study the interdependencies of volume
excess, pANP and BP using ambulatory blood pressure
monitoring.

Patients and Methods

Ten clinically stable patients on regular HD were studied. All
were treated as outpatients and were able to pursue their daily activi-
ties. Their main clinical data are presented in table 1. The patients’
median age was 56.5 years (range 20-73). They had been on HD for
an average of 1.6 (range 0.2-7.7) years. All patients had used antihy-
pertensive treatment before maintenance HD was started, but only 2
(S.A. and U.A)) still required antihypertensive therapy after the ini-
tiation of HD. Their antihypertensive medication was discontinued
2 weeks before the study.

Atrial Natriuretic Peptide, Body Weight
and Blood Pressure in Hemodialysis

The design of the study is presented in figure 1. BP was measured
using the Novacor Diasys 2000 continuous ambulatory blood pres-
sure apparatus, which measures BP by auscultatory means. On the
first study day, the recorder was placed approximately 1 h before
dialysis. During dialysis (4 h) BP was measured every 10 min, during
day-time (14-22 h) every 15 min and during the night (22-6 h) every
30 min. On the second monitoring day, patients were told to rest for
4 h at the time of the HD treatment on the first day to simulate dialy-
sis.

Patients were dialysed for 4 h using the Fresenius 2008E or
Gambro AK 10B dialysis apparatus. The ultrafiltration rate was pro-
grammed to reach the patients’ optimal dry weight. Each patient con-
tinued to use the same type of dialysator as before throughout the
study. Sodium bicarbonate was used as dialysate buffer.

The pANP values were measured as shown in figure 1. Patients
were kept in the supine position for 30 min before blood sampling.
pPANP sampels were analysed in Medix Co. Laboratories using the
ELISA method with Peninsula antibody. Normal values for pANP
were under 65 ng/l, and values over 120 ng/l in hemodialysis patients
reflected hypervolemia according to our laboratory’s own control
material.

Values are expressed as mean + SEM. A paired Student’s t test
was used to estimate differences in pANP and weight. Linear regres-
sion analysis was used to evaluate correlations with weight and
pANP. ANOVA was used for multiple comparisons. The statistical
calculations were made using the Statgraphics (ver. 7.0) statistical
package. Differences at the 95% level were considered significant.
Significance is given as p values.
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Results

Day-Night Blood Pressure Difference

The day-night difference in systolic BP was 11.3 =
4.8 mm Hg on the dialysis day and 19.3 + 3.1 mm Hgon
the second interdialytic day. Both differences were statis-
tically significant. On the dialysis day, a significant day-
night systolic BP difference was observed in 8/10 patients
and on the second interdialytic day in 6/9 patients. The
corresponding differences in diastolic pressures were 7.1
+ 1.8 and 8.7 = 1.8 mm Hg and they were significant in
5/10 and in 4/9 patients. Patient U.A. had high BP values
with antihypertensive treatment and he had no diurnal
BP variation. Later, with the patient on antihypertensive
medication, a repeat continuous ambulatory BP measure-
ment was made, and the mean 24-hour BP was 154/
79 mm Hg and a clear day-night BP variation was
present.

Weight and ANP

Body weight decreased by 1.7 £ 0.5 kg (p = 0.005) dur-
ing dialysis and the interdialytic weight gain was 1.3 *+
0.2kg (p = 0.03). The mean pANP concentration de-
creased during the HD session from 149.7 + 18.2to 117
+ 0.1 ng/l (p = 0.15). pANP decreased during HD in 7
patients and increased mildly in 3. After the HD session
pANP decreased in every patient, and the lowest mean
pANP concentration 83 + 12.2 ng/l was measured 20 h
after the session. This decrease was statistically significant
(p =0.001) compared with the predialytic value. Thereaf-
ter, pANP increased constantly and reached its highest
mean value 180.4 = 14.9 ng/l before the next dialysis ses-
sion.
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The body weight decrease during dialysis correlated
positively (r = 0.65, p = 0.04) with the simultaneous
pPANP decrease. This relationship was still stronger (r =
0.72, p = 0.019) when maximal pANP decrease was com-
pared with weight reduction during the HD session. No
correlation was observed (r = 0.11, p = 0.77) between
interdialytic weight gain and pANP accumulation.

Increase in Day-Time Systolic BP during the Second

Interdialytic Day

Average changes in systolic and diastolic BP and
PANP concentrations are presented in figure 2. During
the second interdialytic day the day-time systolic BP
increased significantly (p = 0.039) compared to that of the
dialysis day. The absolute increase was 12.5 = 4.8 mm
Hg. This phenomenon was observed in 5/10 patients.
Night-time systolic BP rose significantly in only 3/9
patients. The overall night-time sytolic BP increase was
insignificant, although there was a sharp BP elevation just
before the second dialysis. Changes in diastolic BPs were
very small. There was a fairly strong positive correlation
between interdialytic weight gain and systolic BP increase
(r=0.61, p = 0.06). No correlation (r = -0.07, p = 0.85)
was noted between pANP and systolic BP elevation.

Discussion

Ambulatory 24-hour BP measurement is a new and
refined method to investigate BP changes over a long peri-
od. It is the only way to identify those patients who have
lost their diurnal BP variation and are at risk of develop-
ing cardiovascular complications.

Using ambulatory BP monitoring, we observed a sys-
tolic BP elevation on the second postdialytic day in
patients on regular HD three times weekly. It correlated
positively with weight gain, indicating that BP was vol-
ume dependent. The systolic BP increase at that time did
not correlate with pANP elevation. Probably pANP is not
a major BP regulator in this setting, or the connection is
masked by some other confounding hemodynamic factor
(see later). A similar observation was made in two earlier
studies [11, 12]. However, in one study [10], a positive
correlation was obtained. Antonicelli et al. [13] found that
PANP levels were higher both before and after dialysis in
hypertensive patients on maintenance HD than in nor-
motensive patients. They noted a positive correlation
between pANP levels and systolic BP in hypertensive
patients.

Atrial Natriuretic Peptide, Body Weight
and Blood Pressure in Hemodialysis

Although all our patients had been hypertensive before
starting on HD, only 2 continued antihypertensive treat-
ment during maintenance HD. In the others, BP was con-
trolled by volume reduction during HD. Consequently,
most of our patients could be regarded as normotensive
provided that adequate volume status was maintained.
The sharp BP elevation immediately prior to the next
dialysis session found in this study was also recorded in
other studies [13, 14].

Hasegawa et al. [15] found that the pANP concentra-
tion changed very little during the 24 h following HD
treatment, but that it increased very rapidly during the
24 h that followed a dialysis session. We observed that
PANP continued to decrease during 20 h after dialysis.
This phenomenon has not been described previously. HD
may lead to secondary hemodynamic changes which op-
pose the effect of volume reduction on pANP and keep
pANP levels inappropriately high during the dialysis ses-
sion. The decrease in pANP due to volume reduction
would thus become manifest only after these acute hemo-
dynamic changes ceased. This probably also explains why
in 3 of our patients pANP increased during HD.

We found that the day-night difference in BP persisted
in most patients. According to Baumgart et al. [3] and
Kooman et al. [16], the circadian BP rhythm is disturbed
in patients with chronic renal failure undergoing HD.
Baumgart et al. [3] proposed that volume expansion is the
major determinant in the pathogenesis of blunted diurnal
BP variations. The reason why most of our patients had
near-normal diurnal BP could be that their BP was well
controlled. This conception is supported by the findings
of Kooman et al. [16], who observed that the nocturnal
decline in BP was most severely blunted in hypertensive
patients. To test this hypothesis, we applied an extra
ambulatory BP monitoring in one of our patients who was
hypertensive in the original study period but whose BP
was normalized by drug treatment. His BP variation reap-
peared.
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Abstract

Background: According to several studies the QRS am-
plitude of the ECG increases during hemodialysis. The
detailed background to this phenomenon has not been
defined. Two main mechanisms have been suggested:
myocardial ischemia and volume changes. New nonin-
vasive technologies make possible a comparison of QRS
complex changes synchronously with myocardial isch-
emia and extracellular water (ECW)/blood volume (BV)
changes during hemodialysis. Methods: In this study
hemodialysis-related changes in body weight, biochemi-
cal blood variables, BV, ECW, ST segment and QRS com-
plex were analyzed in 15 patients (age 36-76, time on
dialysis 0-6 years) undergoing chronic hemodialysis
treatment. QRS complex and ST segment changes were
measured using a dynamic vectorcardiographic moni-
toring system. The ECG parameters measured were QRS
vector difference (QRS-VD) and ST vector magnitude
(ST-VM6). Bioimpedance analysis was used to detect
changes in the ECW. Continuous measurement of BV
changes was implemented using an on-line optical re-
flection method based on the reflection of infrared light
by erythrocyte membranes. Blood hemoglobin (B-Hb),

hematocrit (B-Hcr), plasma sodium (P-Na), chloride
(P-Cl), magnesium (P-Mg), potassium (P-K), ionized cal-
cium (P-iCa), phosphate (P-Pi), creatinine (P-Crea) and
urea (S-Urea) were monitored. Results: The mean QRS-
VD increase during the dialysis session was almost four-
fold (372 = 300%) from 4.16 = 2.40 to 15.60 £ 7.0 uVs
(p < 0.001). This change was due to a change in ampli-
tude, since the duration of the QRS complex did not alter
significantly. The correlation between the changes in
QRS-VD and body weight from the start to the end of the
dialysis session was moderate and statistically signifi-
cant (r = -0.55, p < 0.05). The correlation between the
changes in QRS-VD and ECW varied from r = -0.67 to
-0.97, being statistically significant in all patients (p <
0.001). The correlation between BV and QRS-VD was
assessed at one minute intervals during the dialysis and
varied from r = -0.22 to -0.98, being significant in 14 of
the 15 patients (p < 0.001). Significant ST segments alter-
ations (ST-VMB6 elevation > 100 uV) did not occur during
dialysis. Laboratory parameters reflecting volume and
osmotic changes during hemodialysis correlated with
QRS-VD change: B-Hcr (r = 0.56, p < 0.05), B-Hb (r = 0.63,
p < 0.05), P-Na (r = 0.62, p < 0.05) and S-Urea (r = -0.62,
p < 0.05). Conclusions: The increase in QRS complex
amplitude during hemodialysis is correlated to reduced
ECW. The mechanism involved is most probably aug-
mentation of electrical resistance of the tissues around
the heart caused by loss of interstitial fluid.
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Introduction

According to several studies the QRS amplitude of the
ECG (electrocardiography) increases during hemodialy-
sis. The precise background to this phenomenon has not
been defined. Two main mechanisms have been suggest-
ed: myocardial ischemia [1, 2] and volume changes [3, 4].
Earlier studies were based on single ECG and body weight
registrations. New noninvasive techniques, however, al-
low dynamic on-line ECG, ECW (extracellular water) and
BV (blood volume) recordings. The aim of the present
study was to relate the QRS amplitude alterations to
changes in ECW, BV and blood chemistry as well as to
myocardial ischemia during hemodialysis. This was done
by means of continuous registration of vectorcardiogra-
phy, ECW (bioimpedance analysis) and BV (hematocrit).
A pronounced correlation was observed between ECW
loss and increase in QRS amplitude during hemodialysis.

Subjects and Methods

Subjects

Fifteen hemodialysis patients (6 women and 9 men) were studied.
Their mean age was 63 years (range 36-76) and they had been on
hemodialysis for a mean time of 25 months (range 1-66). The etiolo-
gy of end-stage renal failure as chronic glomerulonephritis (n = 5),
polycystic kidney disease (n = 2), diabetic nephropathy (n = 6), inter-
stitial nephritis (n = 1) and bilateral nephrectomy due to renal carci-
noma (n = 1). All except one patient had a history of hypertension
and 7 had coronary artery disease. Ten were using cardiovascular
medication (calcium channel blockers n = 6, beta-blockers n = 6,
long-acting nitrates n = 5, ACE inhibitors n = 1, alpha-blockers n = 1)
which was allowed to continue during the study. All patients signed
an informed consent of participation. The study was approved by the
Ethics Committee of Tampere University Hospital.

Hemodialysis Procedure

Patients were dialyzed three times a week for 3.5-5 h (mean
4.1 h) by the Fresenius 4008E (Fresenius AG, Bad Hamburg, Germa-
ny) delivery system. Cellulose acetate membrane hollow fiber dialys-
ers (Ca 130/170 series, Baxter Healthcare, Round Lake, Ill., USA)
were used. The composition of the dialysate was: Na 140 mmol/l,
K 2 mmol/l, Ca 1.5 mmol/l, Mg 0.5 mmol/l, Cl 111 mmol/l, HCO;
33 mmol/l. The dialysate temperature was 36.5 °C. The blood flow
rate was prescribed individually (range 250-350 ml/min). The dialy-
sate flow was fixed at 500 ml/min and the ultrafiltration rate was kept
constant during dialysis. All patients were ultrafiltrated until their
clinically determined dry weight was reached.

On-Line Vectorcardiography Monitoring

We used a computerized system (MIDA 1000, Ortivus Medical,
Téby, Sweden) for on-line dynamic analysis in QRS complex and ST
segment changes during dialysis. The on-line vectorcardiography
recordings were started before the commencement of dialysis and
extended over the whole hemodialysis session. To obtain ECG sig-
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nals eight conventional ECG electrodes were applied to the chest of
the patients according to the Frank lead system [5] and three ortho-
gonal leads X, Y and Z were continuously recorded and analyzed.
The trends at 1-min intervals for QRS vector difference (QRS-VD)
and ST vector magnitude (ST-VM6) were generated by averaging the
recorded ECG signals. QRS-VD is a parameter affected by all
changes in the QRS complex shape. The current QRS complex was
compared to the initial QRS complex and the area difference (A) was
calculated from the X, Y and Z leads. The values were fed to the
formula:

QRS-VD = [AZ+ A +A2

and the resulting QRS-VD plotted as a trend graph. ST magnitude
was measured at every averaged beat 60 ms after the J-point and
calculation proceeded in the same manner as in QRS-VD.

Blood Volume Monitoring

On the assumption that the red blood cell mass is essentially con-
stant during the dialysis session, BV and hematocrit are inversely and
linearly related to each other. Hematocrit was monitored noninva-
sively and continuously during each session with a CRIT-LINE
instrument (In-Line Diagnostics, Riverdale, Utah, USA). This de-
vice uses a transmissive photometric technique to determine hemat-
ocrit on the basis of both absorption properties of hemoglobin and
the scattering properties of red blood cells passing through the blood
chamber. Hematocrit measurement was made through a sterile plas-
tic disposable blood chamber (PN 2231, In Line Diagnostics) placed
in the blood circuit between the arterial blood tubing and the dialyz-
er. The hematocrit as an indicator of %ABV was calculated every
20s.

Extracellular Water Volume Monitoring

Bioelectric impedance analysis (BIA) was used for ECW estima-
tion. The determination of whole-body impedance was made using
the whole-body impedance cardiography channel of the CircMon
B202 device (JR Medical, Tallinn, Estonia). Two pairs of electrically
connected electrodes were affixed proximally to the wrists and
ankles. A 30-kHz 0.7-mA alternating current was applied to the
external pair of electrodes and the voltage was measured from the
inner pair. ECW was calculated from the impedance index H%/R,
where H is the height of the patient and R the estimate whole-body
impedance [6]. Impedance measurements were taken 5 min before
the beginning of dialysis, during the procedure at 15-min intervals
and at the end of the session. During the measuring the patient was
always in supine position, arms at the side without touching the
body, legs separated so that there was no contact between them.

Blood Analyses

Blood samples were taken before and after hemodialysis for
hemoglobin (B-Hb), hematocrit (B-Hcr), sodium (P-Na), chloride
(P-Cl), magnesium (P-Mg), potassium (P-K), ionised calcium (P-
iCa), phosphate (P-Pi), creatinine (P-Crea), and urea (S-Urea) mea-
surement using standard automated techniques (Kodak Ektachem
700, Technicon H2, Hitachi 717, ABL 500, CIBA Corning 634).

General Procedure

After weighing, patients were settled in bed and ECG and imped-
ance measurement electrodes were attached after careful skin prep-
aration. After a 15-min resting period basal ECW was determined,
the fistula cannulated and blood samples collected for analyses. On-

Ojanen/Ko66bi/Korhonen/Mustonen/
Pasternack



line vectorcardiography was started immediately prior to dialysis
and blood volume monitoring was commenced simultaneously with
ultrafiltration. During the dialysis session patients were allowed to sit
only during eating. The recording of ECG data was time-synchro-
nized with blood volume and ECW registration. During the dialysis
averaged BV data were collected every 20 s, averaged ECG data at
I-min and ECW data at 15-min intervals. Body weight was again
registered immediately after discontinuation of the dialysis session.

Statistical Analysis

Data were analyzed using paired t test and regression analysis. A
significance level of p < 0.05 was considered statistically significant.
The results are expressed as means = SD (range). QRS-VD and ST-
VM6 transitions caused by body position changes were removed
before statistical analysis.

Results

The mean QRS-VD increase during the dialysis ses-
sion (fig. 1) was almost fourfold (372 = 300%), from 4.16
+ 2.40 to 15.60 £ 7.0 uV (p < 0.001). The QRS-VD
change was due to a change in amplitude, since the dura-
tion of the QRS complex did not alter significantly. The
mean body weight reduction was 1.89 = 1.04 kg (p <
0.001; 2.78 £ 1.54%) and the mean volume removed by
ultrafiltration 2.36 £ 0.96 litres. The mean ECW loss was
1.13 £ 0.54 litres (p < 0.001; 8.56 = 3.79%) and the
mean reduction percent in BV was 6.06 £ 5.29% (p <
0.001). The correlation between the changes in QRS-VD
and body weight from the start to the end of dialysis was
moderate and statistically significant (r =-0.55, p < 0.05).
The correlation between QRS-VD and ECW change,
when calculated for a single patient from 15-min values
during dialysis, was moderate and statistically significant
in each patient, varying from r = -0.67 to -0.97 (p <
0.001) (table 1). The correlation between BV and QRS-
VD was assessed every minute during dialysis and proved
statistically significant in 14 of the 15 patients, varying
from r = -0.22 to -0.98 (p < 0.001). In one patient (No.
11) the correlation between the changes in QRS-VD and
BV was positive and statistically insignificant (r = 0.11,
p =n.s.). All patients with poor correlation between QRS-
VD and BV (No. 7,9 and 11) had a very small BV change
(0%, +1%, +1%) compared to the loss of ECW (-10%,
—-3%, —7%). There were no notable ST segment alterations
(ST-VM6 elevation > 100 uV) during the dialysis session
as shown in figure 2, representing a typical case. QRS-VD
and ST-VMG6 were highly sensitive to artefacts related to
body position changes (fig. 3) and this phenomenon will
be further debated in the discussion. Laboratory parame-
ters reflecting volume and osmotic changes during hemo-

QRS Amplitude and Volume Changes

30—_
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Dialysis time

Fig. 1. QRS vector difference (QRS-VD) changes during dialysis.

Table 1. Correlation of QRS vector difference (QRS-VD) versus
extracellular water (ECW), blood volume (BV) and weight change
during dialysis

Patient QRS-VD QRS-VD Weight change
No. vs. ECW vs. BV kg (%)
1 -0.91** -0.74** -1.3(-1.9)
2 -0.97** -0.98** -3.7(-4.8)
3 -0.86** —-0.92%* -3.5(-5.3)
4 -0.97** -0.93** -2.0(-3.7)
5 -0.86** -0.83%* -0.6 (-0.8)
6 —-0.94** -0.73%* -0.8(-1.3)
7 -0.97** -0.22%* -1.9 (-2.7)
8 -0.91%** -0.82%** -1.8(-2.0)
9 -0.80%** -0.23* -0.5(-0.8)
10 -0.87** -0.75%* -3.0(-3.3)
11 -0.88** 0.11 -2.4(=2.7)
12 -0.67* -0.66** -0.4 (-0.5)
13 -0.96* -0.78** -2.3(-2.8)
14 -0.76** -0.89** -1.8(-2.3)
15 -0.88%* -0.78%* -2.3(-3.0)

*p<0.01,**p<0.001.

dialysis correlated with the QRS-VD changes: B-Her (r =
0.56, p<0.05), B-Hb (r = 0.63, p< 0.05), P-Na (r = 0.62,
p <0.05) and S-Urea (r =-0.62, p < 0.05). P-K decreased
(p < 0.001) and P-iCa concentration increased (p < 0.05)
significantly during the dialysis, but these parameters did
not correlate with the increase in QRS-VD.
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Fig. 2. Patient (No. 4) case representing typical ST vector magnitude
(ST-VM6), QRS vector difference (QRS-VD), blood volume (BV)
and extracellular water (ECW) changes during dialysis.
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Fig. 3. QRS vector difference (QRS-VD) and ST vector magnitude
(ST-VM6) artefacts related to body position changes in patient 13.

Discussion

The main result of the present study was that the
increase in QRS amplitude during hemodialysis corre-
lated significantly with the changes in body weight, BV
and especially with changes in ECW, and also with bio-
chemical parameters reflecting volume and osmotic
changes.

In two earlier studies [1, 7], no correlation was found
between changes in body weight and QRS amplitude dur-

426 Am J Nephrol 1999;19:423-427

ing dialysis, whereas some other studies [2—4] have shown
a relationship between increase in QRS amplitude and
reduction in body weight. In these studies the evaluation
of the blood volume reduction on hemodialysis were
based on singular body weight and hematocrit measure-
ments. To explain those conflicting results we used con-
tinuous BV measurement and ECW determinations re-
peated at 15-min intervals.

In ECG changing potentials of an electrical field gener-
ated by the heart are recorded. The heart is surrounded by
various tissues — lungs, muscles, fat, bones and vascular
bed - which form a resistance between the heart and elec-
trodes on the body surface shunting the heart generated
electrical current. Thus electrodes placed on the surface of
the body do not directly record the electrical activity of
the heart itself. The ability of the tissues to conduct elec-
tric current significantly depends on their resistivity. Be-
cause ECW conducts electrical current with great ease, the
resistance of the tissues surrounding the heart depends
mainly on their ECW content. During hemodialysis-relat-
ed ultrafiltration the water content of tissues is reduced,
with the result that the electrical resistance of extracardial
tissues increases and the shunting of the electrical current
diminishes. The strong inverse relation between changes
in QRS amplitude and ECW volume gives reason to sug-
gest that the shunting effect of extracellular volume is the
major factor influencing QRS amplitude during hemodi-
alysis. Our findings are in agreement with those of Bayley
and Berry [8], who showed on a nonhomogeneous con-
ductivity model that the increase in ‘body trunk’ resistivi-
ty causes an increase in body surface potentials. Ishikawa
et al. [9] investigated the influence of sauna bathing on
body surface potentials and found that sauna caused an
increase in QRS amplitude which was accompanied by a
reduction in circulating blood volume and a decrease in
heart intracavitary blood volume. These results were in
conflict with the Brody effect [10], according to which a
decrease in QRS amplitude should follow in this case. In
our opinion, this phenomenon in QRS can be explained
by the dehydration of body tissues. Tissue dehydration
during hemodialysis or sauna bathing results in an in-
crease in the resistance of the tissues surrounding the
heart and thus to a decrease in the shunting effect on these
tissues.

The above explanation in QRS amplitude increase
during hemodialysis is supported by the relation of dialy-
sate sodium concentration and QRS amplitude noted by
Ono et al. [2] and Wizemann et al. [11]. Ono et al. [2]
perceived a positive correlation between an increase in
QRS amplitude and the weight loss/dry weight ratio of
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patients only after standard sodium dialysis. They also
observed that an increase in QRS amplitude and depres-
sion of the ST segment are significantly more frequent
when patients are dialyzed with a standard sodium dialy-
sate than when the dialysate sodium concentration is
increased compared to the serum sodium concentration.
Their conclusion was that, when a standard sodium dialy-
sate is used, intravascular refilling is not rapid enough to
prevent hypovolemia and which leads to myocardial isch-
emia. Our inference is that during ultrafiltration a dialy-
sate sodium concentration higher than that of serum
maintains ECW volume better than a lower sodium dialy-
sate and thus the increase in QRS amplitude is not so
remarkable and for the same reason ST segment changes,
if they occur, are milder. Since we observed no prominent
ST segment alterations we do not consider myocardial
ischemia a reason for QRS amplitude rise as Diskin et al.
[1] and Ono et al. [2] did.

Body position changes can also cause variations in
heart and electrode positions, which can affect the QRS
amplitude. In any case a QRS-VD increase in sitting or
upright position cannot be explained solely by positional
changes, since during head-up tilt blood is shifted from
the thorax to the lower body and the electrical resistance
of the tissues around the heart increases, partly explaining
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this positional increase in the QRS amplitude of the ECG
(fig. 3).

Plasma potassium decreased and calcium concentra-
tion increased significantly during the hemodialysis ses-
sion. Nonetheless, these factors, which are in principle
able to modify the ECG, did not correlate with the
increase in QRS-VD, while a correlation was observed
between B-Hb, B-Hcr, P-Na, S-Urea and QRS-VD. These
parameters all stand in relation to changes in volume or
osmotic pressure and thus even these results fit to our the-
ory of the volume dependence of the QRS-VD.

In summary, the increase in QRS amplitude during a
hemodialysis session is significantly correlated to reduced
ECW and the mechanism is most probably augmentation
of electrical resistance caused by loss of interstitial fluid.
This hemodialysis-related increase in QRS amplitude
should not be taken as an indicator of left ventricular
hypertrophy or myocardial ischemia unless clinical symp-
toms or other indices are present.
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Abstract. Aims: The aim of this study
was to establish whether changes in parame-
ters reflecting myocardial ischemia QRS vec-
tor difference (QRS-VD), ST change vector
magnitude (STC-VM) and ST vector magni-
tude (ST-VM6) during hemodialysis (HD)
registered by MIDA (myocardial infarction
dynamic analysis) are related to changes in
blood volume (BV), extracellular water

(ECW) and blood biochemistry. Patients and

methods: Fifteen hemodialysis (HD) patients
were studied. Computerized vectorcardio-
graphy was used for on-line dynamic analysis
of ST segment and QRS complex changes.
BV changes were monitored non-invasively
and continuously with the CRIT-LINE in-
strument. Bioelectric impedance analysis
(BIA) was used for ECW estimation. Blood
samples were taken before and after hemo-
dialysis for hemoglobin (B-Hb), hematocrit
(B-Hcr), sodium (P-Na), chloride (P-Cl),
magnesium (P-Mg), potassium (P-K), ion-
ized calcium (P-iCa), phosphate (P-Pi) and
astrup measurement. Results: During dialysis
treatment QRS-VD, ST-VM6 and STC-VM
did not change in parallel. According to the
linear mixed model, no statistically signifi-
cant changes were noted in ST-VM6 during
dialysis (time effect p = 0.5635). On the other
hand, QRS-VD and STC-VM showed a sta-
tistically significant linear trend (time effect
for QRS-VD p=10.0001 and for STC-VM p =
0.0004). Changes in both ECW and BV af-
fected the change in QRS-VD and in
STC-VM. Conclusion: During HD treatment
changes in the vectorcardiographic ischemia
monitoring  parameters QRS-VD and
STC-VM are mostly related to ECW and BV
changes and may give a false positive impres-
sion of myocardial ischemia. The ST-VM6
trend is less markedly influenced by volume
changes.

Introduction

ST segment changes are observed in
15.5% to 61% of hemodialysis (HD) patients
when investigated by ambulatory Holter
monitoring [Conlon et al. 1998, Kremastinos
et al. 1992, Shapira and Bar-Khayim 1992,
Singh et al. 1994, Zuber et al. 1989]. These
changes have not correlated with either perfu-
sion defects on radioisotope scans or
angiographic findings. Changes in the plasma
concentration of potassium and magnesium
and in the volume of ultrafiltrate removed
have been thought to play an important role in
the genesis of these Holter ECG findings
[Kremastinos et al. 1992, Singh et al. 1994].
Holter monitoring may thus not be reliable in
screening for myocardial ischemia during the
HD session. MIDA (myocardial infarction
dynamic analysis) is a new widely used
vectorcardiographic (VCG) ischemia moni-
toring system, which enables three-dimen-
sional on-line signal registration. On MIDA
registration QRS complex and ST changes
are analyzed on-line to detect ischemia. In a
recent study [Ojanen et al. 1999] we demon-
strated that the increase in QRS complex am-
plitude during the HD session correlated with
extracellular water (ECW). The aim of this
new analysis was to ascertain whether ST
changes registered by this new technique are
alsorelated to changes in ECW, blood volume
(BV), and blood biochemistry induced by
HD.
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Table 1. Clinical characteristics of patients.

Patients Sex Age Kidney Time on Coronary Left Cardiovascular
(number) (f/m) (years) disease hemodialysis artery ventricular medication
(y : m) disease hypertrophy
() (u]
1 f 36 CGLN 5:2 - - -
2 f 47 CGLN 0:1 - cb
3 m 72 CGLN 0:3 + + bb + ab + ni
4 f 62 CGLN 0:6 - - -
5 m 64 CGLN 2:10 + - bb + cb + ni
6 m 65 ADPKD 0:2 + = =
7 m 59 ADPKD 4:11 - + -
8 m 61 DN 2:1 + - bb + cb
9 m 67 DN 0:6 - - -
10 m 70 DN 0:2 + + bb + ab + ni
11 f 66 DN 3:9 + + cb + ni
12 m 68 DN 0:10 + + ni
13 f 76 DN 1:3 - + bb + cb+ acei
14 f 66 TIN 1:6 - - cb
15 m 66 nephrectomy 5:6 - - bb

CGLN = chronic glomerulonephritis, ADPKD = adult dominant polycystic kidney disease, DN = diabetic nephropathy, TIN = tubulo-
interstial nephritis. ab = alpha blocker, bb = beta blocker, cb = calcium blocker, ni = long acting nitrates, acei = angiotensin-converting en-

zyme inhibitor.

Patients and methods

Fifteen HD patients were studied. Patient
characteristics are shown in Table 1. Their
mean hematocrit level was 0.36 [10.05. The
diagnosis of coronary artery disease (CAD)
was based on the presence of one or more of
the following criteria:

— a positive history of typical angina
pectoris chest pain with characteristic
findings in exercise testing,

— documented pathological Q waves on the
ECG,

— coronary artery stenosis greater than 50%
of the lumen diameter on angiography,

— a prior history of coronary artery
angioplasty or bypass surgery.

Patients were asked to report about symp-
toms of myocardial ischemia during the mon-
itoring. Cardiovascular medication was al-
lowed to continue during the study. All
patients gave informed consent to participate
in the study, which had been approved by the
Ethics Committee of Tampere University
Hospital.

Patients were dialyzed three times a week
for 3.5 — 5 h (mean 4.1 h) by the Fresenius
4008E (Fresenius AG, Bad Homburg, Ger-
many) delivery system. Cellulose acetate

membrane hollow fiber dialyzers (Ca
130/170 series, Baxter Healthcare, Round
Lake, IL, USA) were used. The composition
of the dialysate was: Na 140 mmol/l, K 2
mmol/l, Ca 1.5 mmol/l, Mg 0.5 mmol/l, Cl
111 mmol/l, HCO; 33 mmol/l. The dialysate
temperature was 36.500C. The blood flow rate
was prescribed individually (range 250 — 350
ml/min), but the dialysate flow was fixed at
500 ml/min and the ultrafiltration rate kept
constant during dialysis. All patients were
ultrafiltrated until their clinically determined
dry weight was reached.

We used a computerized system (MIDA,
Ortivus Medical, Tadby, Sweden) for on-line
dynamic analysis of QRS complex and ST
segment changes during dialysis. The on-line
vectorcardiography recordings commenced
in the advance of dialysis and extended over
the whole HD session. To obtain ECG signals
eight conventional ECG electrodes were ap-
plied to the chest according to the Frank lead
system [Frank 1956] and three orthogonal
leads X, Y and Z were continuously recorded
and analyzed. The trends in one minute inter-
vals for QRS vector difference (QRS-VD),
ST change vector magnitude (STC-VM) and
ST vector magnitude (ST-VM6) were gener-
ated by averaging the recorded ECG signals.
QRS-VD is a parameter affected by all
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changes in QRS complex shape. STC-VM
constitutes the spatial difference vector be-
tween the initial and the current ST vector.
ST-VM6 magnitude measures ST segment
changes in every averaged beat 60 millisec-
onds after the J-point. Since all these parame-
ters are measured in the X, Y and Z directions,
ischemia can be detected in the entire heart.
ST-VM6 and/or STC-VM increase > 50 [V
and QRS-VD changes over 15 [IVS were con-
sidered to reflect ischemia [Dellborg et al.
1991].

On the assumption that the red blood cell
mass is essentially constant during dialysis,
BV and hematocrit are inversely and linearly
related to each other. Hematocrit was moni-
tored non-invasively and continuously during
each session with the CRIT-LINE instrument
(In-Line Diagnostics, Riverdale, UT, USA).
The instrument uses a transmissive photo-
metric technique to determine hematocrit on
the basis of both the absorption properties of
hemoglobin and the scattering properties of
red blood cells passing through the blood
chamber. Hematocrit measurement was
through a sterile plastic disposable blood
chamber (PN 2231, In-Line Diagnostics)
placed in the blood circuit between the arte-
rial blood tubing and the dialyzer.

Bioelectric impedance analysis (BIA)
was used for ECW estimation. Determination
of whole-body impedance was made using
the whole-body impedance cardiography
channel of the CircMon B202 device (JR
Medical Ltd., Tallinn, Estonia). Two pairs of
near electrodes were placed immediately
proximaly to the wrists and ankles [K66bi et
al. 1997]. A 30 kHz 0.7 mA alternating cur-
rent was applied to the external pair of elec-
trodes and the voltage measured from the in-
ner pair of electrodes. ECW was calculated
from impedance index H%R, where H is the
height of the patient and R the estimated
whole-body impedance. Five-minute imped-
ance measurements were made before the be-
ginning of dialysis, during the procedure at 15
min intervals and at the end of the session.
During the measuring the patient was always
in supine position, arms at the sides without
touching the body.

Blood samples were taken before and af-
ter hemodialysis for hemoglobin (B-Hb),
hematocrit (B-Hcr), sodium (P-Na), chloride
(P-Cl), magnesium (P-Mg), potassium (P-K),

ionized calcium (P-iCa), phosphate (P-Pi)
and venous blood pH, and bicarbonate ion
(HCO5™) measurement using standard auto-
mated techniques (Kodak Ektachem 700,
Technicon H2, Hitachi 717, ABL 500, Ciba
Corning 634).

After weighing, the patients were settled
in bed and ECG and impedance measurement
electrodes attached after careful skin prepara-
tion. After a 15-min resting period basal ECW
was determined. On-line vectorcardiography
was started immediately prior to dialysis and
blood volume monitoring was commenced
simultaneously with ultrafiltration. During
dialysis session patients were permitted to sit
only during eating. The influence of fluid and
food ingestion during the treatment session
was taken into account by eliminating this pe-
riod from the analyses. The recording of ECG
data was time-synchronized with BV and
ECW registration. During dialysis, averaged
BV data were collected every 20 sec, aver-
aged ECG data in 1 min and ECW data in 15
min intervals. Body weight was registered
immediately after discontinuation of dialysis.

To compare pre- and post-dialysis values
in different parameters, the paired sample
t-test was used. Association between labora-
tory and ECG parameters was evaluated us-
ing linear regression. To establish in greater
detail whether there was a significant change
in ECG parameters, BV and ECW during di-
alysis, linear mixed models for repeated mea-
surements [ Verbeke et al. 1997] were used. To
ascertain the effect of change in BV and ECW
on the changes in ECG parameters, we used
the subject-specific slopes from the mixed
models for BV and ECW as covariates in
mixed models for ECG parameters. We al-
lowed interaction between time and slope,
which reveals whether the change in BV and
ECW described as a slope could explain the
change in ECG parameters. Linear mixed
models were fitted using the Proc Mixed in
SAS System for Windows version 6.12. A
significance level of p <0.05 was considered
statistically significant. Results are expressed
as means [ISD (range).

Results

During dialysis treatment QRS-VD,
ST-VM6 and STC-VM did not change in par-
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Figure 1. Mean changes (O SD) in QRS-VD,
STC-VM, ST-VM6, blood volume (BV) and
extracellular water (ECW) during hemodialysis.

allel. QRS-VD increased during dialysis ses-
sion from 3.5 03.0 to 14.4 06.0 OVs, (%
75.5 049.6), (p < 0.001) and STC-VM from
6.505.3t027.3019.7 IV, ((P6 72.5 J68.5),
(p<0.001). Deviating from these two param-
eters, the ST-VMG6 change from 85.5[156.1 to
88.8 076.3 IV, (% 3.8 [26.5) was not sig-
nificant (Figure 1). The mean body weight re-
duction was 1.89 [11.04 kg (2.78 0 1.54%), (p
< 0.001) and the mean volume removed by
ultrafiltration 2.36 J0.96 1. The mean ECW
decline was 7.1 02.9%, (p < 0.001) and the
mean diminution of BV 5.0 O 5.6%, (p <
0.001). Change in body weight correlated
with the change in QRS-VD (r =-0.55, p <
0.05), STC-VM (r = —0.45, p = 0.09) and
ST-VM6 (r=0.37, p=0.17).

According to the linear mixed model, no
statistically significant change was noted in
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Figure 2. Linear trends of QRS-VD, STC-VM and
ST-VMB6 change during hemodialysis. Bold line is a
mean trend.

ST-VM6 during dialysis (time effect p =
0.5635). In contrast, QRS-VD and STC-VM
showed a statistically significant linear trend
(time effect for QRS-VD p =0.0001 and for
STC-VM p = 0.0004), giving an impression
of aggravation of ischemia (Figure 2).

When investigating the relation between
ECG parameters and volume changes, we
noted that changes in both ECW and BV had
an effect on the change in QRS-VD and in
STC-VM. This was not seen in ST-VM6 (Ta-
ble 2).
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Table 2. Statistical significance (p values) of
vectorcardiographic parameter (QRS-VD,
STC-VM, ST-VM6) changes as a function of blood
volume (BV) and extracellular water (ECW)
changes during dialysis.

BV ECW
QRS-VD 0.0001 0.0001
STC-VM 0.0001 0.0331
ST-VM6 0.2222 0.5385

Table 3. Statistical correlations between changes in vectorcardiographic pa-
rameters (QRS-VD, STC-VM, ST-VM6) and biochemical variables.

STC-VM ST-VM6
R (p) R (p)
Hkr 0.56 (p = 0.04) 0.41 (NS) -0.16 (NS)
Hb 0.63 (p = 0.02) 0.54 (p = 0.05) 0.16 (NS)
K —0.13 (NS) 0.26 (NS)
Na -0.59 (p = 0.03) 0.58 (p = 0.03) -0.14 (NS)
cl 0.37 (NS) -0.03 (NS)
ionCa —0.37 (NS) 0.27 (NS)
Mg -0.26 (NS) 0.55 (p = 0.04)
pH -0.21 (NS) -0.03 (NS)
HCO,~ 0.30 (NS) 0.05 (NS)

No ischemic ST-VM6 changes (ST-VM6
increase > 50 [IV) were found during dialysis.
QRS-VD increase > 15 [OVs was found in
4/15 patients and STC-VM elevation > 50 [V
in 2/15 patients. There were no differences in
the change of MIDA parameters during dialy-
sis session between patients with or without
CAD (Figure 3). Neither of those two patients
with STC-VM increase over 50 [V during di-
alysis and two of the four patients with
QRS-VD increase over 15 [Vs had a history
of CAD. None of the 15 patients had symp-
toms of coronary ischemia during dialysis.

Statistical correlations between changes
in vectorcardiographic parameters (QRS-
VD, STC-VM, ST-VM6) and biochemical
variables are presented in the Table 3.

Discussion

In a recent study the ability of on-line
VCG and two-channel Holter monitoring to
detect ischemic episodes was compared in
non-uremic patients with unstable angina
pectoris [Dellborg et al. 1995]. The authors
concluded that VCG detected ischemia with

25 7 CAD + +---

_ RS-VD
20 CAD- — QRS

50
STC-VM

ST-VM6

0 60 120 180 240
Dialysis time (min)

Figure 3. Meanlinear trends of QRS-VD, STC-VM
and ST-VM6 changes during hemodialysis in pa-
tients with (+) and without (-) coronary artery dis-
ease (CAD).

higher sensitivity than Holter ECG did. It is
also assumed that in non-HD patients
STC-VM detects myocardial ischemia with a
higher sensitivity than ST-VMS6, since
ischemia sometimes causes only directional
ST vector changes without simultaneous
ST-VM6 changes [Jensen et al. 1994]. The
value of using QRS-VD for the detection of
myocardial ischemia is limited, because sev-
eral mechanisms other than ischemia cause
changes in the QRS complex [Feldman et al.
1985, Rosenthal et al. 1971, Sutherland et al.
1983].
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In our study QRS-VD changes in 4/15 pa-
tients and STC-VM changes in 2/15 fulfilled
the criteria of ischemia without concurrent
ischemic changes in ST-VM6. The changes
in QRS-VD and STC-VM were most proba-
bly related to volume changes, since both
QRS-VD and STC-VM changes were de-
pendent on changes in ECW and BV, while
ST-VMB6 did not. In a previous study we have
shown and discussed how volume changes af-
fect the amplitude and direction of the re-
corded vectors [Ojanen et al. 1999]. In most
cases, differently from QRS-VD and
STC-VM, the ST-VMG6 is formed from the
isoelectric phase of cardiac electrical activity.
If the initial deviation of the ST segment from
the isoelectric line is zero, volume related am-
plitude changes will not appear. Thus, in these
cases ST-VM6 is less susceptible to vol-
ume-related alteration. We did not find any
reasonable explanations for the relation be-
tween electrolytes and MIDA parameters.
The correlations between Hb/Hcr and MIDA
parameters were, however, logical as they
most probably were due to volume changes.

In spite of the fact that QRS-VD and
STC-VM changes were clearly dependent on
changes in ECW and BV, we cannot abso-
lutely exclude myocardial ischemia during
dialysis. However, there are several reasons
to assume, that our patients did not develop
ischemia. First, there was no difference in
MIDA parameters in patients with or without
CAD, and if the changes in MIDA parameters
would have been caused by ischemia, they
would presumably have been more serious in
patients with CAD. Secondly, none of the pa-
tients had symptoms of coronary ischemia
during dialysis. Further, if the changes in the
MIDA parameters during dialysis would have
been caused by ischemia, they most likely
would have changed in a parallel direction.
Finally, ST-VM6 did not change during dial-
ysis although the ST-segment is the classical
and most widely used ECG marker of myo-
cardial ischemia.

We did not measure serodiagnostic mark-
ers of myocardial ischemia in this study, as we
are not aware of any parameter that would be
more sensitive than MIDA in the detection of
slight myocardial ischemia. The serologic di-
agnosis of myocardial ischemia is difficult in
patients with end-stage renal disease because
of false positive elevations in CK and

troponin T. It has been estimated, for exam-
ple, that 29% of patients on hemodialysis
have elevated serum troponin T concentra-
tions without evidence of myocardial injury
[Bhayana et al. 1995, Haller et al. 1996,
McLaurin et al. 1997]. CK-MB also may be
misleading in renal failure due to non-specific
enzyme elevations in 5 — 50% of renal pa-
tients [Robbins et al. 1997]. Troponin I seems
to be the most specific of the currently avail-
able biochemical markers of myocardial in-
jury in dialysis patients, but its level begins to
rise only 6 — 8 h after myocardial ischemia
[Martin et al. 1997].

In summary, our results would indicate
that during HD treatment changes in the
vectorcardiographic ischemia monitoring pa-
rameters QRS-VD and STC-VM, which are
mostly related to ECW and BV changes, and
may give a false positive impression of myo-
cardial ischemia. The ST-VM6 trend is less
influenced by volume changes.
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Abstract. Aims: The present study was
undertaken to assess the role of isolated
ultrafiltration (UF phase) and hemodialysis
with minimal ultrafiltration (HD phase) in
changes in parameters reflecting myocardial
ischemia: QRS vector difference (QRS-VD),
ST change vector magnitude (STC-VM) and
ST vector magnitude (ST-VMO6) registered by
MIDA (myocardial infarction dynamic anal-
ysis). Patients and methods: Twelve patients
on maintenance hemodialysis were first
ultrafiltrated for 2.5 h without dialysis (UF)
followed by a 2.5-hour session of hemo-
dialysis with minimal ultrafiltration (HD).
Computerized vectorcardiography (VCG)
was used for on-line dynamic analysis of ST
segment and QRS complex changes. Blood
volume (BV) changes were monitored non-
invasively and continuously with the CRIT-
LINE instrument. Whole-body bioelectric
impedance analysis (BIA) was used for
extracellular water (ECW) estimation. Re-
sults: During the UF phase QRS-VD and
STC-VM showed a statistically significant
increasing linear trend (time effect for both
QRS-VD and STC-VM p < 0.0001, while no
changes were noted in ST-VM6; time effect
p=0.986). During the HD phase none of these
parameters changed (time effect for QRS-VD
p = 0.855, for STC-VM p = 0.275 and for
ST-VM6 p = 0.976). During the UF, phase
changes in QRS-VD were in close relation to
those in ECW. Conclusion: Isolated ultra-
filtration leads to an increase in the VCG
ischemia monitoring parameters QRS-VD
and STC-VM. The increase of QRS-VD is re-
lated to changes in ECW. Hemodialysis with
minimal ultrafiltration has no effect on VCG
ischemia monitoring parameters.

Introduction

MIDA (myocardial infarction dynamic
analysis) is a new, widely used vectorcardio-
graphic (VCG) ischemia monitoring system
which makes possible 3-dimensional on-line
signal registration. On MIDA registration,
QRS complex and ST changes are analyzed
on-line to detect ischemia. Vectorcardiogra-
phy (VCG) appears to be as sensitive as stan-
dard 12-lead ECG (SECG) in the diagnosis of
acute myocardial infarction or ischemia, and
more sensitive in the diagnosis of inferior in-
farction [Edenbrandt et al. 1990]. VCG also
might be useful in the early diagnosis of acute
myocardial infarction, especially in patients

with non-diagnostic SECG [Gustafsson et al.
1996].

However, MIDA may not be a reliable
method of screening for myocardial ischemia
during the HD session. Our recent studies
demonstrated that during HD treatment the
increase in QRS complex amplitude and
changes in the VCG ischemia monitoring
parameters QRS-VD and STC-VM are re-
lated mainly to ECW and BV changes. They
may thus give a false positive impression of
myocardial ischemia [Ojanen et al. 1999,
2000]. The ST-VMB6 trend is less influenced
by volume changes.

Since during normal hemodialysis fluid re-
moval and solute removal are coincidental
events, it is difficult to accurately separate their
respective effects on VCG ischemia monitor-
ing parameters. The idea of the present stu-
dy was to distinguish ultrafiltration from dialy-
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Table 1. Clinical characteristics of patients.

Patients Sex Age Kidney Time on Coronary Cardiovascular medication
disease hemodialysis artery disease

(number) (f/m) (years) (y:m) ()

1 f 68 ADPKD 0:2 - bb

2 f 67 ADPKD 4:10 - -

3 m 47 CGLN 0:7 - bb + ata

4 m 51 CGLN 0:5 + -

5 f 76 CGLN 0:3 + -

6 f 47 CGLN 0:8 - bb + cb

7 m 67 CGLN 0:6 - bb

8 f 53 CGLN 0:4 - bb

9 f 32 CGLN 0:11 bb + ata

10 m 51 DN 0:10 + bb + acei

11 f 67 NS 3:6 - bb + ata

12 m 42 SA 0:11 — —

ADPKD = adult dominant polycystic kidney disease, CGLN = chronic glomerulonephritis, DN = diabetic nephropathy, NS =
nephrosclerosis, SA = secondary amyloidosis, acei = angiotensin converting enzyme inhibitor, ata = angiotensin |l receptor antagonist,
bb = beta blocker, cb = calcium blocker, ni = long-acting nitrates.

sis, and thus gain a more profound conception
of their isolated effects on MIDA parameters.

Patients and methods

Twelve HD patients were studied; their
characteristics are shown in Table 1. The di-
agnosis of coronary artery disease was based
on the presence of one or more of the follow-
ing criteria: a positive history of typical an-
gina pectoris chest pain with characteristic
findings in exercise testing, documented pat-
hological Q waves on the ECG, coronary ar-
tery stenosis greater than 50% of the lumen
diameter on angiography, a prior history of
coronary artery angioplasty or bypass sur-
gery. Patients were asked to report on symp-
toms of myocardial ischemia during monitor-
ing. Cardiovascular medication was allowed
to continue during the study. All patients gave
informed consent to participate in the study,
which had been approved by the Ethics Com-
mittee of Tampere University Hospital.

The HD machine used here was a Fresenius
4008E (Fresenius AG, Bad Homburg, Ger-
many), which controls ultrafiltration volu-
metrically. Cellulose acetate membrane hol-
low fiber dialysers (Ca 130/170 series, Baxter
Healthcare, Round Lake, IL, USA) were
used. The composition of the dialysate was:
Na 140 mmol/l, K 2 mmol/l, Ca 1.5 mmol/l,

Mg 0.5 mmol/l, Cl 111 mmol/l, HCO; 33
mmol/l, dialysate temperature 36.5 °C. The
blood flow rate was prescribed individually
(range 250 — 350 ml/min).

The 5-hour treatment session was divided
into 2 parts. During the first 2.5 hours (UF
phase) the dialysate flow was turned off and
the ultrafiltration volume (mean 1801 ml,
range 1600 — 3500) determined individually
to reach patients’ clinically defined dry
weight. At the end of the UF phase patients
were allowed to eat, and during the next 2.5
hours (HD phase) only the fluid volume they
gained during the meal was removed (mean
247 ml, range 0 — 300). Dialysate flow was
fixed at 500 ml/min during the HD phase.

We used a computerized system (MIDA
1000, Ortivus Medical, Téby, Sweden) for
on-line dynamic analysis of QRS complex
and ST segment changes. The on-line VCG
recordings commenced in advance of the UF
phase and extended over the whole HD phase.
To obtain ECG signals, 8 conventional ECG
electrodes were applied to the chest according
to the Frank lead system [Frank 1956] and 3
orthogonal leads X, Y and Z were continu-
ously recorded and analyzed. The trends at
one-minute intervals for QRS vector differ-
ence (QRS-VD), ST change vector magni-
tude (STC-VM) and ST vector magnitude
(ST-VM6) were generated by averaging the
recorded ECG signals. QRS-VD is a parame-
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Figure 1. Changes in QRS-VD, STC-VM and

ST-VM6 during UF and HD phases. Bold line is a
mean trend.

ter affected by all changes in QRS complex
shape. STC-VM constitutes the spatial differ-
ence vector between the initial and the current
ST vector. ST -VM6 magnitude measures ST
segment changes in every averaged beat 60
ms after the J point. Since all these parameters
are measured in the X, Y and Z directions,
ischemia can be detected throughout the en-
tire heart. ST-VM6 and/or STC-VM in-
creases > 50 uV and QRS-VD changes over
15 uVS were considered to reflect ischemia
[Dellborg et al. 1991].

Blood volume (BV) was monitored non-
invasively and continuously during each ses-
sion with the CRIT-LINE instrument (In-
Line Diagnostics, Riverdale, UT, USA).

Bioelectric impedance analysis (BIA)
was used for ECW estimation. Determination
of whole-body impedance was done using a
commercially available device (B202, JR
Medical Ltd., Tallinn, Estonia). Five-minute
impedance measurements were made before
the beginning of the UF phase, at 30-min in-
tervals during the UF and HD phases and at
the end of the HD phase.

The recording of ECG data were time-
synchronized with BV and ECW registration.
Averaged BV data were collected every 20
sec, averaged ECG data at 1-min and ECW
data in 30-min intervals.

Blood samples were taken before and af-
ter the UF and HD phases for hematocrit
(B-Hcr), urea nitrogen (P-Urea), creatinine
(P-Crea), sodium (P-Na), potassium (P-K),
ionized calcium (P-iCa), phosphate (P-Pi)
and venous blood pH, and bicarbonate ion
(HCO;"), and measurements were made us-
ing standard automated techniques (Kodak
Ektachem 700, Technicon H2, Hitachi 717,
ABL 500, Ciba Corning 634).

To compare pre- and post-values in differ-
ent parameters during UF and HD phases, the
paired samples t-test was used. Associations
between laboratory, BV, ECW and MIDA pa-
rameters were evaluated using linear regres-
sion. To establish in greater detail whether
there were significant changes in ECG pa-
rameters, BV and ECW during dialysis, linear
mixed models for repeated measurements
[Verbeke and Molenberghs 1997] were used.
Linear mixed models were fitted using the
PROC MIXED in SAS System for Windows
version 6.12. A significance level of p <0.05
was considered statistically significant. Re-
sults are expressed as means = 1 SD.

Results

During the UF phase QRS-VD, ST-VM6
and STC-VM did not change in parallel. Ac-
cording to the linear mixed model, no statisti-
cally significant change was to be noted in
ST-VM6 within the UF phase (time effect p =
0.986). In contrast, QRS-VD and STC-VM

showed a statistically significant linear trend
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Table 2. Absolute and percentage changes in
vectorcardiographic =~ parameters  (QRS-VD,
STC-VM, ST-VM6) during UF and HD phases.

Parameter Change

UF phase HD phase
QRS-VD
uvs 8.6 +5.8* -09+127
% 59.9 £ 13.7* -0.6+12.8
STC-VM
uv 7.3+51* 56+12.4
% 40.5 £ 22.6* 11.1 £ 55.6
ST-VM6
uv 09127 -04+11.9
% 06+128 -29+16.8

Values are givenas means + 1 SD, *=p <0.0001.
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Figure 2. Changes in blood volume (BV) and
extracellular water (ECW) during UF and HD
phases. Bold line is a mean trend

(time effect for both QRS-VD and STC-VM
p < 0.0001). No statistically significant
changes were observed in QRS-VD, STC-VM
or ST-VM6 during the HD phase. During this
phase the time effect for QRS-VD was

Table 3. Statistical significance (p values) of vec-
torcardiographic parameter (QRS-VD, STC-VM,
ST-VM6) changes as a function of extracellular
water (ECW) and blood volume (BV) changes dur-
ing the UF phase.

Parameter ECW BV

QRS-VD 0.0033 0.5010
STC-VM 0.1027 0.1342
ST-VM6 0.5561 0.5190

p = 0.855, for STC-VM p = 0.275 and for
ST-VM6 p = 0.976 (Figure 1). The absolute
and percentage changes in MIDA parameters
within the UF and HD phases are presented in
Table 2.

Changes in STC-VM or ST-VMG6 reflect-
ing ischemia (increase > 50 uV) were not ob-
served during the UF or HD phases. A
QRS-VD increase > 15 pVs indicative of
ischemia was found in 3/12 patients during
the UF phase, but in none during the HD
phase. None of the 3 patients in question had a
history of CAD coronary artery disease. None
of the 12 patients evinced clinical symptoms
of coronary ischemia during the study.

The mean volume removed by ultrafil-
tration during the UF phase was 1.80+0.72 1.
The mean ECW decline at the same time was
8.0+2.3%, (1.0+£0.31), (p<0.0001) and the
mean diminution of BV 7.6 + 3.4%, (p <
0.0001). The mean volume removed by
ultrafiltration during the HD phase was 0.25 +
0.93 1. The mean ECW declined at the same
time by 0.7 + 1.8%, (0.1 £ 0.23 1), (p = 0.829)
and the mean BV increased by 2.8 = 3.0%, (p
< 0.0001) (Figure 2). During the UF phase,
the change in ECW was related to QRS-VD,
but no relation was observed between other
VCG parameters and blood volume changes
(Table 3). Changes in biochemical variables
during the UF and HD phases are presented in
Table 4. No significant correlations were seen
between changes in MIDA parameters and
biochemical variables.

Discussion

The results of the present study indicate
that QRS-VD is the most sensitive of the
MIDA parameters to the influence of changes
in ECW. This is in agreement with earlier re-
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Table 4. Changes in biochemical parameters and the statistical significance of
the change (p values) during UF and HD phases.

Parameters Change

UF phase HD phase
Her 0.03 £ 0.02 —-0.01 £ 0.02

(p < 0.0001) (p < 0.005)

K 0.04 £ 0.50 -1.21£0.55
mmol/l (p = NS) (p < 0.0001)
Na 0.7 £1.67 0.3+1.07
mmol/l (p = NS) (p = NS)
Krea —71.9 £+ 53.22 —334.0 £ 165.30
umol/l (p < 0.001) (p < 0.0001)
Urea -22+1.73 -89+278
mmol/l (p <0.01) (p < 0.0001)
Pi -0.24 £ 0.17 -0.73+0.35
mmol/l (p < 0.005) (p < 0.0001)
iCa 0.04 £ 0.04 0.03 £ 0.06
mmol/l (p < 0.005) (p < 0.05)
pH 0.02 + 0.04 0.07 £ 0.02

(p =NS) (p < 0.0001)
HCO, 0.57 + 1.86 4,67 £1.41

(p =NS) (p < 0.0001)

Values are given as means * 1 SD.

ports indicating that QRS-VD is very sensi-
tive to many factors, such as changes in body
position, left ventricular chamber size, con-
trast injection and ventricular conduction ve-
locity [Feldman et al. 1985, Jensen et al.
1997, Sutherland et al. 1983]. However,
STC-VM is also, albeit to a lesser degree than
QRS-VD, influenced by changes in, for ex-
ample, body position [Norgaard et al. 2000].
The present results also confirm our earlier
findings that ST-VM6 is not related to
changes in ECW or BV [Ojanen etal. 2000].
It was demonstrated here that QRS-VD
correlated to ECW but not to BV. The result is
reasonable since ECW conducts electrical
current to the body surface. The lack of corre-
lation with BV is due to the refilling effect, in
which refilling continually shifts fluid from
the interstitial space to the blood compart-
ment with various amount and timing in indi-
vidual patients. Although the refilling was
continuous during the study, it was clearly
perceptible during the HD phase, when ECW
did not change but BV increased (Figure 2).

In our previous study in patients in com-
bined ultrafiltration-dialysis, the increase in
STC-VM was related to changes in ECW and
BV [Ojanen et al. 2000]. Although there was
a trend in the present study, the increase in
STC-VM during the UF phase was not related
to changes in ECW and BV. Certain factors
could explain this discrepancy. The increase
in STC-VM was much less marked in the cur-
rent study than in our earlier study, and the
rate and the timing of the ultrafiltration were
very different in these two studies. Finally, the
individual variation in the trend of STC-VM
was quite large in the present case.

An important finding here was that
changes in electrolytes have no notable effect
on MIDA parameters. This result is congru-
ent with our earlier findings in patients on
combined ultrafiltration-dialysis [Ojanen et
al. 2000]. In earlier studies using 12-lead
ECG or Holter recording during combined
ultrafiltration dialysis, no correlations have
been observed between changes in electro-
lytes and ST depression [Shapira and Bar-
Khayim 1992, Singh et al. 1993]. The reason
why the change in plasma potassium level
had no effect on MIDA parameters is not ob-
vious. Severe hyperkalemia (6.5 mmol/l or
over) may widen the QRS complex [Surawicz
1967] and decrease the amplitude of the QRS
complex, and so in theory could have an ef-
fect on QRS-VD. In our study, however, the
mean plasma potassium concentrations were
clearly under the level mentioned above.

In conclusion, isolated ultrafiltration
leads to an increase in the VCG ischemia mo-
nitoring parameters QRS-VD and STC-VM.
The increase in QRS-VD is closely related to
changes in ECW. Hemodialysis with minimal
ultrafiltration has no effect on VCG ischemia
monitoring parameters. The clinical implica-
tion of the study is that during hemodialysis
treatment it is ultrafiltration that causes chan-
ges in VCG ischemia monitoring parameters
which may give a false positive impression of
myocardial ischemia.
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Abstract

Background. Haemodialysis (HD) is associated with
acute changes simultaneously in fluid status (ultra-
filtration) and in many biochemical parameters
(dialysis). Reports on the effects of these changes on
left ventricular (LV) diastolic function are scant. This
study evaluated the effect of isolated ultrafiltration
(UF) and subsequent HD with minimal fluid removal
on Doppler-derived indices of LV diastolic function
in patients who were asymptomatic and stable on HD.
Methods. In 11 HD cases, the 5h treatment session
was divided into a 2.5h period of fluid removal
without dialysis (UF phase) and 2.5h of dialysis with
minimal fluid removal (HD phase). We examined the
following parameters of LV diastolic function echo-
cardiographically: early rapid filling (Emax), atrial
peak filling (Amax), Emax/Amax ratio, isovolumic
relaxation time (IVRT) and deceleration time of the
E-wave (DT).

Results. During the UF phase, Emax decreased
from 0.82+0.2 to 0.62+0.2m/s (P=0.003), Amax
decreased from 0.72+£0.2 to 0.63+£0.2m/s (P=0.042)
and the ratio Emax/Amax did not change (P=NS).
During the HD phase, Emax increased from 0.62+0.2
to 0.72+0.2m/s (P=0.018), Amax increased from
0.63+0.2 to 0.70+£0.3m/s (P=NS) and the Emax/
Amax ratio remained unchanged (P =NS). IVRT was
prolonged in 10 out of 11 patients at the start of the
UF phase and it was further prolonged from 142 +40
to 171 £55ms (P=0.03) during the UF phase. IVRT
did not alter during the HD phase (P =NS). During
the UF phase, DT increased from 175+ 83 to 244+ 119
and it decreased from 244 £ 119 to 209 +98 in the HD
phase, but both changes were statistically insignificant.
No statistically significant correlations were observed
between the changes in the Doppler indices of diastolic
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function and changes in biochemical parameters
during the HD phase.

Conclusions. UF affects the parameters Emax, Amax
and IVRT used to evaluate LV diastolic function. The
changes in Emax and Amax during the HD phase
are due to fluid refilling from tissues into the blood
space, HD as such having no effect on Doppler
indices. However, isolated UF or HD does not
affect the Emax/Amax ratio. Emax and IVRT seem
to be the most volume-sensitive parameters.

Keywords: haemodialysis; isolated ultrafiltration;
left ventricular diastolic function

Introduction

It has been accepted generally that the principal func-
tional disorder in uraemic cardiomyopathy in patients
on renal replacement therapy is left ventricular (LV)
diastolic dysfunction. Its prevalence appears to be
30-60% [1,2]. It results from impaired LV diastolic
relaxation and decreased LV compliance. Diastolic
function is of considerable importance in the haemo-
dynamic response to hypovolaemia, and dialysis
patients with reduced LV compliance are particularly
sensitive to haemodialysis (HD) hypotension [2—4]. The
aim of this study was to explore the impact of
ultrafiltration (UF) during dialysis on Doppler-derived
indices of LV diastolic function in patients who are
asymptomatic and stable on HD.

Diastolic LV function can be assessed non-invasively
using pulsed Doppler analysis of flow across the
mitral valve during diastole. Normally, as the mitral
valve opens, ventricular relaxation occurs, with a rapid
increase in flow leading to an early peak (Emax),
followed by a later increase, to the atrial peak (Amax),
which reflects atrial contraction. When the relaxation
of the LV is reduced, Emax decreases. Thus, the second
(atrial contraction) phase becomes compensatorily

Nephrol Dial Transplant Vol. 19 No. 12 © ERA-EDTA 2004; all rights reserved
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more important, resulting in a lowered Emax/Amax
ratio.

Many previous studies have evaluated the effect
of HD on LV diastolic function [5-8]. Emax, Amax,
the Emax/Amax ratio, deceleration time (DT) and
isovolumic relaxation time (IVRT), Doppler-derived
indices, have been used to estimate function. In
clinical practice, the Emax/Amax ratio is the most
commonly used parameter [9], but its assessment
value is limited in dialysis patients, since the pattern
of LV diastolic filling is significantly altered by
changes in preload [10]. Earlier studies suggest the
preload-dependence of rapid early diastolic filling,
but no significant change in the maximum velocity of
the A-wave [5-8]. A decrease in the Emax/Amax
ratio during UF might, thus, be interpreted erro-
neously to indicate deterioration of LV diastolic
function.

Although HD entails acute changes both in pre-
load (ultrafiltration) and in many biochemical param-
eters, the separate effects of HD and UF on diastolic
function have not been studied adequately. In one
study two incomparable dialyses were performed on
different days: HD with and without fluid removal
[11]. In our study, UF without dialysis and dialysis
with only minimal UF were carried out sequentially
during one session and simultaneous changes in
LV diastolic function parameters were examined
echocardiographically.

Subjects and methods

The study cohort consisted of 11 patients [six females and five
males, aged 32-76 years (mean age=+ SD: 55.9£13.8 years)]
with end-stage renal disease who were on regular maintenance
HD for 4-5h thrice weekly, with a mean time on dialysis
of 13+ 6 months. The clinical characteristics of the studied
patients and the other patients in the unit are summarized
in Table 1. Table 2 compares weight changes and UF rates
between these two groups. All patients were in sinus rhythm,
in a stable haemodynamic state and were allowed to continue
their usual medications.

The machine used for HD was a Fresenius 4008E
(Fresenius AG, Bad Homburg, Germany), which controls
UF volumetrically and which was fitted with cellulose
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acetate membrane hollow-fibre dialysers (Ca 130/170 series;
Baxter Healthcare, Round Lake, IL, USA). The dialysate
consisted of Na 140 mmol/l, K 2mmol/l, Ca 1.5mmol/l,
Mg 0.5mmol/l, Cl1 111 mmol/l, HCO5; 33mmol/l, used at
36.5°C. The blood flow rate was individually prescribed
(range: 250-350 ml/min).

The study session took place 43—45h after a standard
dialysis. A S5h treatment session was divided into two
parts. During the first 2.5h (UF phase) the dialysate flow
was turned off and the UF volume (mean: 1819 ml; range:
1060-3500 ml) was determined individually to yield a patient’s
clinically defined dry weight. At the close of the UF phase,
patients were allowed to eat and during the next 2.5h (HD
phase) only the fluid volume they gained during the meal
was removed (mean: 254 ml; range: 0-300 ml). Dialysate flow
was fixed at 500 ml/min during the HD phase.

M-mode, two-dimensional and Doppler echocardiog-
raphic examinations were performed before and after the
UF and after the HD phases by a single experienced observer
(V.V.) using a Wingmed ultrasound unit with a 2.5 MHz
transducer. The following parameters were assessed: left
atrial diameter (LAD), left ventricular end-diastolic diameter
(LVEDD), left ventricular end-systolic diameter (LVESD),
interventricular septum thickness (IVST) and left ventricular
posterior wall thickness (LVPWT). Left ventricular mass

Table 2. Comparison of mean weight changes (kg) and mean UF
(ml) between the studied patients and other HD patients in the unit

PrevpostdW PredW PostdW Wgain Wred UFtot

Studied 73.4 75.0 73.1 1.6 1.9 2073
patients
(n=11)
SD 13.9 14.2 14.0 1.0 0.7 742.7
Other HD 73.6 75.0 73.2 1.5 1.8 2146
patients
(n=46)
SD 20.4 20.8 20.2 1.0 1.1 1106.9

PrevpostdW, weight after the previous dialysis; PredW, weight
before the study dialysis or normal dialysis (in the other HD
patients in the unit); PostdW, weight after the study dialysis or
normal dialysis (in the other HD patients in the unit); Wgain,
weight gain between the previous dialysis and the study dialysis or
normal dialysis (in the other HD patients in the unit); Wred, weight
reduction during the dialysis; UFtot, total UF during the study
dialysis or normal dialysis (in the other HD patients in the unit).

Table 1. Clinical characteristics of the studied patients and other HD patients in the unit

Mean age  Sex Diagnosis Medication

Years F M CGLN DN ADPKD NS AMYL Other ACEI ATA BB CB
Studied patients (n=11) 55.9 6 5 6 1 2 1 1 0 1 3 7 1
% 55 45 55 9 18 9 9 0 9 27 65 9
Other HD patients (n=46) 59.2 15 31 10 18 4 3 2 9 5 6 28 19
Y% 33 67 22 39 9 7 4 20 11 13 61 41

F, female; M, male; CGLN, chronic glomerulonephritis; DN, diabetic nephropathy; ADPKD, adult dominant polycystic disease;
NS, nephrosclerosis; AMYL, amyloidosis; ACEI, angiotensin-converting enzyme inhibitor; ATA, angiotensin-II-receptor antagonist;

BB, beta-blocker; CB, calcium blocker.
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(LVM) was calculated according to the formula of Devereux
et al. [9]:

LVM(g) = 1.04[(LVEDD + IVST + LVPWT)’
—(LVEDD)*] — 13.6

LVM was corrected for body surface area to give the
LVM index (LVMI). Left ventricular hypertrophy (LVH)
was defined as an LVMI >134 g/m? for males and >110 g/m?
for females at the end of the UF phase [12]. Left ventricular
fractional shortening (FS) was defined as:

FS(%) = (LVEDD — LVSD) x 100/LVEDD

Systolic dysfunction was defined as an FS <25%. Left atrial
enlargement was defined as a left atrial diameter >40 mm,
after UF [13].

The mitral inflow velocity was measured by pulsed-wave
Doppler echocardiography in the apical four-chamber
view. The following indices were measured or calculated:
maximal early diastolic flow velocity (Emax); maximal late
atrial flow velocity (Amax); the Emax/Amax ratio; iso-
volumic relaxation time (IVRT), measured as the time
from the closure of the aortic valve to the onset of mitral
valve opening; and the rate of decrease in velocity fol-
lowing the E-velocity, measured as the deceleration time
(DT). The criteria for diagnosing diastolic heart failure
were based on the working group report of the European
Study Group on Diastolic Heart Failure [14]. The
reproducibility of M-mode and Doppler echocardiography
has been published earlier by our group [15].

A whole-body impedance cardiograph (CircMon™
B202 device; JR Medical Ltd, Tallinn, Estonia) was used
to estimate changes in extracellular water (ECW) and
haemodynamic responses, as described elsewhere [16,17].
The following haemodynamic parameters were measured:
heart rate (HR), stroke volume (SV) and cardiac output
(CO). Systolic (SBP) and diastolic blood pressure (DBP)
(measured by a manual sphygmomanometer) and their
values were entered into CircMon™ B202 database.
Systemic vascular resistance (SVR) was calculated accord-
ing to the formula SVR=79.96 (MAP/CO). Five-minute
impedance measurements were made before the start of the
UF phase, at 30min intervals during the UF and HD
phases and at the end of the HD phase. Blood volume
(BV) was monitored non-invasively and continuously
during each session with the CRIT-LINE™ instrument
(In-Line Diagnostics, Riverdale, UT, USA). During the
study, averaged BV data were collected every 20s and
ECW data every 30 min.

Blood samples were taken before and after the UF and
HD phases for haematocrit (B-Hct), sodium (P-Na), potas-
sium (P-K), ionized calcium (P-iCa), phosphate (P-Pi) and
venous blood pH and bicarbonate ion (HCO3), quantifica-
tion being done with standard automated techniques (Kodak
Ektachem 700, Technicon H2, Hitachi 717, ABL 500, CIBA
Corning 634).

To compare changes in different parameters during the
study, we used the two-way paired samples ¢-test with a
Bonferroni adjustment. Associations between laboratory,
BV, ECW, haemodynamic and echocardiographic param-
eters were evaluated using linear regression. A P-value of
<0.05 was considered statistically significant. Results are
expressed as means + SD.

S. Ojanen et al.

All patients gave informed consent to participate in the
study, which had been approved by the Ethics Committee of
Tampere University Hospital.

Results

Figure 1 illustrates changes in BV and ECW during
the study. The mean amount of fluid removed during
the UF phase was 1.824+0.75 | (range: 1.06-3.501;
667+356ml/h; range: 432-1400ml/h). The mean
ECW decline at the same time was 7.9+2.4%
(P<0.001) and the mean diminution of BV was
7.8+3.4% (P<0.001). The mean amount of fluid
removed during the HD phase was 0.25+0.911
(range: 0-0.301; 93+45ml/h; range: 0-132ml/h).
During the HD phase, ECW declined by 0.6+1.8%
(P=NS) and BV increased by 2.9 +2.8% (P <0.001).

The effects of isolated UF and HD with minimal
UF on cardiac parameters are listed in Table 3. During
the UF phase, Emax decreased from 0.82+0.2 to
0.62+0.2m/s (P=0.001) and Amax from 0.72+0.2
to 0.63+0.2m/s (P=0.014); the change in their ratio

P<0.001

- P<0.001 P<0.001

BV %
&
]

Time (min)
P<0.001

5

ECW %

: UE HD
-15 -

Fig. 1. Percentages of changes in BV and ECW during UF and HD
with minimal UF. The bold line is the mean of the changes.
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Table 3. Effects of UF and HD on Doppler and M-mode echocardiography indices and the statistical significance of the changes

(P-values)
Parameters Before UF After UF and After HD P-value before P-value before P-value before
before HD UF vs after UF HD vs after HD UF vs after HD
Emax (m/s) 0.82+£0.2 0.62+0.2 0.72+£0.2 0.003 0.0018 NS
Amax (m/s) 0.72+0.2 0.63+0.2 0.70+£0.3 0.042 NS NS
Emax/Amax 1.18+0.4 1.07+£0.4 1.12+£0.4 NS NS NS
DT (ms) 175+£83 244 +119 209 +£98 NS NS NS
IVRT (ms) 142+40 171455 169 +47 0.03 NS NS
LVEDD (mm) 58.2+5.0 55.6+9.4 56.6+6.7 NS NS NS
LVESD (mm) 41.2+7.9 40.6+11.6 39.7+6.8 NS NS NS
LAD (mm) 44.8+5.51 41.2+6.91 40.4+6.19 NS NS NS
IVST (mm) 12.6+£1.9 12.8+£2.31 13.0£2.19 NS NS NS
LVPWT (mm) 11.7£1.62 11.1£1.56 10.9+1.10 NS NS NS
LVMI (g/m?) 198.0439.5  203.4+86.8 1748+31.5 NS NS NS
FS (%) 29.5+9.23 27.9+9.08 29.8+6.79 NS NS NS
Data are presented as means+SD, paired r-test before vs after.
(Emax/Amax) from 1.18+0.4 to 1.07+0.4 was not 130 7
statistically significant (P=NS). At the time of UF, 120 —
other echocardiographic indicators of diastolic func- h
tion, IVRT and DT, lengthened, but DT insignificantly. 110 73
During the HD phase, an increase in Emax from  _ 100 -
0.62+0.2 to 0.72+0.2m/s (P=0.018) was the only & gy ]
statistically significant change in the parameters of 1w .
diastolic function. Amax increased from 0.63+0.2 80 7]
to 0.70+£0.3 m/s (P=NS), while Emax/Amax did 70
not change significantly (from 1.07+£0.4 to 1.12+0.4; 60 -]
P=NS). When pre- and post-study values were .
compared, the changes in Emax from 0.82+0.2 to LA R S B R R
0.724£0.2, in Amax from 0.724£0.2 to 0.70+0.3 130 7 P=NS
and in Emax/Amax from 1.18+0.4 to 1.12+0.4 were 120 | —— P=0.042 P=NS
statistically insignificant. The changes in Emax, Amax 110 -
. . . . . 0 -
and in the Emax/Amax ratio are illustrated in Figure 2 - .
and the changes in IVRT and DT in Figure 3. ~ 100
. . . Q) .
During the UF phase, left atrial diameter decreased £ g9
from 44.8+5.51 to 41.2+6.9 (P=NS) and during < 80 -] :
the HD phase from 41.2+£6.9 to 40.4+6.19 (P =NS). -
In this study population, LVH was detected in every 70
patient and left atrial enlargement in five out of 11. The 60 4 UF HD
systolic function of the heart was impaired in four ]
. . . . 50 -~ I T T T T T T T T T 1
patients and remained abnormal during the study in
all of them. 130 -
. . . . P=NS
The changes in systemic haemodynamic variables . PoNs Pons
and laboratory values are presented in Tables 4 and 5, 120
respectively. __110 -
No statistically significant correlations were &\",100 ]
observed between the changes in Emax or Amax © -
and the changes in haemodynamic parameters during & 90 7
the UF and HD phases. Furthermore, the changes < 80 - .
in the dimensions of the heart did not correlate with & i :
. 70
those of Emax and Amax. However, if we analyse -
the whole group, there were close and logical Pearson 601 UF HD
correlations between the changes in the means of Emax, T —
Amax, SV and HR during both the UF (R=0.99, o 150 300
P <0.001) and HD (R=0.99, P <0.001) phases. ) ]
During the UF phase, the change in Emax Time (min)

showed some correlation with the amount of UF
(R=0.45, P=0.17) and the change in BV (R=0.44,
P=0.17).

Fig. 2. Percentages of changes in Emax, Amax and the Emax/
Amax ratio during UF and HD with minimal UF. The bold line is
the mean of the changes.
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There was an inverse correlation between the
changes in plasma iCa and the changes in Emax
during the UF phase (R=-0.64, P=0.04). Also, the
changes in HCO; correlated negatively with changes
in Emax during the UF phase (R=-0.71, P=0.01).

200

P=NS

P=0.03

P=NS

180

Y -
&5 O
o o

IVRT(%)
8

100

P=NS P=NS

HD

(] 150
Time (min)

300

Fig. 3. Percentages of changes in IVRT and DT during UF and
HD with minimal UF. The bold line is the mean of the changes.
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There was no significant relationship between other
biochemical parameters and pulsed Doppler indices
during the study.

The Emax/Amax ratio was abnormal in only one
patient at the start of the study. This ratio changed
during the study in two cases from normal to abnormal
and in one from abnormal to normal. At the start
of the study DT was abnormal in two patients. DT
changed from normal to abnormal in three patients
during the UF phase but normalized in two of them
during the HD phase. IVRT was abnormal in 10 out
of 11 patients throughout the study and the IVRT of
that one normal patient also changed to abnormal
during the HD phase.

Discussion

The only essential external factor that changed during
the UF phase was fluid balance, which in turn is
closely associated with changes in preload. Our study
thus indicates that a change in preload has an effect
on Emax, Amax, IVRT and DT, but not on the
Emax/Amax ratio. The constancy we observed in
the Emax/Amax ratio is at odds with earlier reports
showing that fluid removal during standard dialysis
with UF reduces mainly Emax velocity and, thus,
the Emax/Amax ratio [5-8,11,18]. It is necessary,
however, to point out that in some of those studies
Amax velocity diminished also, albeit clearly less than
Emax [6,18].

The already-known dependency of Emax on pre-
load was confirmed in our study, but the marked
diminution of Amax during UF was a new finding.

Table 4. Effects of UF and HD on systemic haemodynamic parameters and the statistical significance of changes (P-values)

Parameters Before UF After UF and After HD P-value before P-value before P-value before
before HD UF vs after UF HD vs after HD UF vs after HD
HR (beats/min) 69.5+13 66.3+11 71.8+13 0.006 0.003 NS
SV (ml) 67.8+14 62.5+12 68.5+13 NS NS NS
CO (1) 48+1.4 42+1.2 50+1.4 0.024 0.000 NS
SBP (mmHg) 164 +£28 157436 162+33 NS NS NS
DBP (mmHg) 90+12 88+ 15 88+23 NS NS NS
SVR (dyn-s/cm®) 2037 + 747 2231 +888 1908 + 843 NS 0.018 NS

Data are presented as means+ SD, paired ¢-test before vs after.

Table 5. Effects of UF and HD on biochemical parameters and the statistical significance of changes (P-values)

Parameters Before UF After UF and After HD P-value before P-value before P-value before
before HD UF vs after UF HD vs after HD UF vs after HD

Hct (%) 0.35+0.04 0.38+£0.04 0.37+0.04 0.000 0.000 0.03

Urea (mmol/l) 19.7+5 17.4+5 8.5+3 0.006 0.000 0.000

K (mmol/1) 5.0+0.8 50+1.0 3.8+0.5 NS 0.000 0.000

iCa (mmol/l) 1.20£0.1 1.24+0.1 1.27+0.1 0.009 NS 0.009

HCO3 (mmol/l) 23343 23942 28742 NS 0.000 0.000

pH 7.40+0.03 7.4240.04 7.48+0.03 NS 0.000 0.000

Data are presented as means+ SD, paired 7-test before vs after.
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The maximal velocity of the A-wave depends on,
among other factors, heart rate and the contractility
of the left atrium [10]. A decrease in heart rate, even
within the physiological range, reduces atrial velocities.
Our patients evinced significant decreases in heart
rates during the UF phase and increases during the
HD phase, but no correlation was observed between
changes in heart rate and Amax. Myocardial contrac-
tility does not usually decrease during normal HD
and may even increase [19]. The situation is different
in isolated UF, during which cardiac output decreases
according to the Frank—Starling mechanism, i.e. stroke
volume decreases concomitantly with a decrease in
preload [19]. It is thus possible that the concomitant
decreases in the contractility of the left atrium and
of the heart rate during isolated UF explain the
considerable diminution of the A-velocity. An increase
seen in A-velocity during the UF phase in two patients
may be due to the somewhat lower fluid removal they
underwent. The increases in Emax and Amax during
the HD phase were obviously due to fluid refilling from
the extracellular space into the blood space.

Our study confirmed the observation of Chakko
and colleagues [11], that HD without fluid removal
has no effect on LV diastolic filling parameters. To
eliminate the effect of refilling during the HD phase
would have required a study design in which isovol-
aemic dialysis is followed by UF alone. We did not
want to do that, because during isovolaemic dialysis
the rapid rate of solute removal results in an abrupt
fall in plasma osmolality that contributes to the
development of hypotension during the quite short
UF phase. It is also worthy of remark that the main
focus of our study was on the UF phase and only the
Emax of Doppler-derived indices of diastolic function
changed significantly during the HD phase.

We observed a very mild but statistically significant
rise in the plasma concentration of ionized calcium
during the UF phase, correlating with the decrease
in Emax. This rise may be due to UF and the Donnan
effect [20], wherein a change in the concentration
of negatively charged albumin causes a small parallel
change in the concentration of positively charged
calcium.

A long IVRT reflects a reduction in LV relaxation
and usually it is associated with myocardial ischaemia
or LV hypertrophy, of which the latter was present in
all of our patients [21]. In spite of the fact that a
high preload shortens IVRT [10], it was prolonged in
10 out of 11 of our patients at the start of the UF phase.
IVRT further lengthened during this phase, for a
decrease in left atrial pressure leads to delayed mitral
valve opening. It is also known that myocardial
ischaemia prolongs IVRT [21]. Ischaemia is an unlikely
explanation here, since in a previous study we con-
cluded that isolated UF does not cause myocardial
ischaemia [22]. The behaviour of DT during that study
was similar to that of IVRT. Earlier studies have
yielded conflicting results regarding the behaviour of
IVRT and DT during dialysis [7,11,23]. In the current
study, the prolongation of IVRT and DT during
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the UF phase obviously did not reflect deterioration
in relaxation, but rather a return to the patient’s
normal state. Changes in preload due to refilling during
the HD phase were obviously too slight to affect
IVRT or DT.

The changes in preload during the UF phase led
to notable haemodynamic responses: HR, SV and CO
decreased, reflecting the recovery of the patients
from the hyperdynamic cardiovascular state at the
start of the UF phase. Refilling from the tissues during
the HD phase increased BV and the changes in HR, SV
and CO were the opposite of those observed in the UF
phase. It is apparent, however, that the increase in
cardiac output during the HD phase is also dependent
on an increase in heart rate and a decrease in SVR. It
is also very logical that haemodynamic parameters
Emax and Amax changed in parallel, although not
statistically significantly, when their changes were
analysed in separate patients.

As to the interpretation of these results, it is note-
worthy, first, that for this study we recruited only
patients in a stable haemodynamic state. Therefore,
the cohort included fewer patients with diabetes and
more patients with glomerulonephritis and adult domi-
nant polycystic disease compared with the HD popula-
tion in the unit (Table 1). However, it is important
to point out that there were no differences in weight
changes and UF volumes between these groups
(Table 2). Secondly, although this study design allowed
us to evaluate the effects of pure UF on Doppler-
derived indices of diastolic function, due to refilling
the HD phase was not completely isovolaemic. Thirdly,
the cohort was rather small, since we were unable to
recruit more patients from our unit into this explor-
atory study, which was quite demanding of them. Thus,
some of the correlations and results may simply be
due to the small sample size; however, they should not
be dismissed as unimportant. Also, due to the small
number of patients, we used the Bonferroni correction
in statistical comparisons; therefore, we want to high-
light the information that can be acquired directly
from Figures 1-3, which clearly show the main trends
of the findings.

In summary, the results of this study demonstrate
that the LV diastolic filling parameters Emax, Amax
and IVRT are significantly affected by UF and pre-
load but not by HD. Emax and Amax were so
consistently dependent on preload that their ratio
was not affected by isolated UF or HD with
minimal UF. We further conclude that the changes
during UF in the parameters of diastolic function
obviously do not reflect deterioration in diastolic
function but rather recovery from the hyperdynamic
cardiovascular state caused by fluid retention. Unlike
the Emax/Amax ratio, IVRT seems to be volume-
sensitive and fluid removal during UF probably
reveals the real values of IVRT. The clinical
implication of our findings is that the individual’s
state of hydration must be taken into consideration
when interpreting Doppler-derived indices of LV
diastolic function in HD patients.
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