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           Introduction, Defi nitions and Epidemiology 

 ‘Fluid balance’ is generally defi ned by the difference between 
the daily fl uid input and the daily fl uid output and it should 
not be associated with weight and insensible losses, but it 
could be correlated with dialysis fl uid removal if an individ-
ual is on renal replacement therapy (RRT) [ 1 ]. 

 ‘Fluid overload’ (FO) is defi ned by a percentage of body 
weight – a cut-off value of 10 % has been associated with 
increased mortality [ 1 ]. Volume overload (VO) is a common 
scene for patients on RRT [ 2 – 4 ], but, also for those with pre- 
dialysis chronic kidney disease (CKD), even though only a 
limited number of studies have been conducted in these 
patients [ 5 – 8 ]. All studies performed until now in CKD 
patients described a signifi cant proportion of overhydrated 
patients, even in the absence of clinically detectable signs of 
hypervolemia. 

 Chronic VO leads to hypertension, left ventricular hyper-
trophy (LVH), increased arterial stiffness, heart failure (HF), 
and even an increased morbidity and mortality, especially in 
dialysis patients [ 9 – 11 ]. Hence, as shown in several studies, 
VO is considered to be an important contributor to an 
adverse prognosis, an effect modifi er and an independent 
predictor of all-cause and cardiovascular (CV) mortality in 
pre-dialysis CKD patients and end stage renal disease 
(ESRD) patients on RRT [ 8 ,  10 ,  12 ,  13 ]. Tsai et al. reported, 
in 472 non- dialysis patients with stage 4–5 CKD, a signifi -
cant statistical association between the severity of VO and 
an increased risk of rapid decline in renal function and 
necessity of RRT initiation. VO was found to be a better 
predictor of renal dysfunction progression than the presence 

of diabetes (DM) in these patients [ 8 ,  14 ]. Also, in non-renal 
clinical settings, VO is the primary cause of hospital admis-
sion and readmission of patients with HF and it is associated 
with HF progression [ 15 ].  

    Pathophysiology 

    Sodium and Water Metabolism: 
The Importance of the Kidney 

 Tonicity is characterized by the movement of the osmoles on 
the interior and exterior of a cell causing, therefore, the 
movement of water. The body fl uids tonicity is maintained 
within normal range (280 mOsm) throughout homeostatic 
mechanisms that supervise the intake and excretion of water 
and sodium (Na) [ 16 ,  17 ]. Important for these processes are:
•    the function of thirst and the secretion of the antidiuretic 

hormone (ADH), by activation of hypothalamic osmore-
ceptors in response to changes in tonicity;  

•   the kidney – participating in the maintenance of normal 
water and Na balance, as it both preserves and removes 
water and Na (Na reabsorption, vasopressin release, the 
medullary gradient) [ 16 ,  17 ];    
 Although they play integrated physiological functions, it 

is important to differentiate the mechanisms that control 
water balance (tonicity, osmoregulation) from the mecha-
nisms that control Na balance (extracellular volume). 
Anomalies of water balance determine modifi cations of 
serum Na concentration, leading to hypo/hypernatremia, 
whereas anomalies of sodium balance determine modifi ca-
tions of the extracellular volume (ECV), leading to volume 
depletion/volume overload. 

 Water balance is primarily controlled by thirst and the 
ability of the kidney to produce more concentrated urine 
when osmolality increases or more diluted urine when osmo-
lality decreases [ 16 ,  18 ]. The most important inductor of 
thirst is hypertonicity, with a sensitivity of only 2–3 % 
increase in the plasma osmolality. In normal individuals, 
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the osmotic threshold of thirst is approximately 290–
295 mOsm/kg H 2 O [ 16 ]. 

 ADH secretion is stimulated primarily by hyper- 
osmolality and by arterial volume decrease (HF, cirrhosis, 
vomiting) [ 16 ,  18 ]. The osmotic threshold for ADH release 
is 288–290 mOsm/kg but andosmo-receptors react to 
changes in plasma osmolality of as little as 1 % [ 18 ]. The cell 
membrane composition is impermeable to water, so, in order 
for water to pass across it, the cell membrane must express 
water channels [ 18 ]. In the kidney, ADH interacts with the 
V 2  receptor located in the basolateral membranes of the CD 
cells. The renal aquaporin channels are: AQP-1 (active in all 
water-permeable segments) and AQP-2, AQP-3, AQP-4 
(regulated by ADH). AQP-2 is the responsible channel for 
the high water permeability of the luminal membrane, 
whereas AQP-3 and AQP-4 seem to have a larger involve-
ment in the elimination of water from the cell [ 16 ,  18 ,  19 ]. 
Usually, AQP-2 is re-immersed back into the cell after the 
interruption of ADH secretion; however, if ADH levels are 
very high (like in chronic HF), this channel remains perma-
nently in the plasma membrane leading to a continuous water 
reabsorption, leading to interstitial water excess and edema 
[ 19 ]. A Dutch team has found recently a way to inhibit 
AQP-2 abnormal settling, through a small molecule – 
4-acetyldiphillin. Their results represent a new step for a bet-
ter understanding of the molecular mechanisms of AQP-2 
‘traffi cking’ [ 19 ]. 

 Extracellular blood volume (EBV) is generally condi-
tioned by the interconnection of arterial tonus, cardiac stroke 
volume and the water and solute content of the ECV. The 
balance between Na intake and Na excretion is determined 
by: baroreceptors and vascular hormone-sensors modulated 
by atrial natriuretic peptides, the renin-angiotensin- 
aldosterone system (RAAS), Ca 2+  signaling, adenosine, 
vasopressin and the neural adrenergic axis [ 18 ].  

    New Insights on the Pathophysiology 
of Volume Overload 

    Role of Interstitial Fluid Compartment 
in Fluid Homeostasis 
 Recently, an essential role of the interstitium in the under-
lying mechanisms involved in fl uid homeostasis was recog-
nized [ 20 ]. Interstitial fl uid pressure is determined by a 
complex interplay between the fl uid infl ux (blood capillary 
fi ltration), the fl uid outfl ow (lymph fl ow), and the compart-
ment’s ability to expand (tissue compliance) [ 20 ]. The 
interstitial fl uid pressures are negative in healthy subjects 
and positive in CKD patients, but with no association 
between body fl uid volumes and blood pressure [ 21 ]. 
Moreover, it seems that the increase in the interstitial fl uid 
pressure observed in CKD patients can be associated with 

compensatory changes in the local microcirculation and 
this could further lead to either reduced transcapillary fi l-
tration in the interstitium, or to an increased limph fl ow 
[ 20 ]. Acute interstitial VO is associated with relatively 
quick boosts of interstitial fl uid pressures, while interstitial 
fl uid excess in chronic edematous state cause only moder-
ate escalation of interstitial fl uid pressure [ 21 ], suggesting 
that compliance of the interstitial space is a third important 
additional determinant for interstitial fl uid pressure homeo-
stasis. These fi ndings, are consonant with the Guyton’s 
hypothesis that considered interstitial space as an addi-
tional determinant for l fl uid pressure homeostasis [ 20 ,  22 ]. 

 A relative fl uid shift from the interstitial into the intravas-
cular space is induced by a high sodium intake. In the Heer 
et al.’s study 50–550 mmol of Na were given to normal men 
in order to evaluate sodium balance [ 23 ,  24 ]. Plasma volume 
increased by about 330 ml when Na intake was 550 mmol/
day, but without modifi cations of TBW or body weight even 
when Na intake was as high as 1,700 mmol. Titze et al. com-
bined conventional H-magnetic resonance imaging (H-MRI) 
with Na-MRI for a better estimation of skin-Na, calf-Na and 
tissue water concomitantly [ 23 ,  25 ]. Human measurements 
found that skin-Na and muscle-Na were increased in patients 
with primary aldosteronism and that these values decreased 
signifi cantly after surgical removal or spironolactone treat-
ment. It was also noticed, in line with Heer et al.’s fi ndings, 
that Na storage does not determine body weight modifi ca-
tions [ 23 ,  25 ]. Another important cohort study enrolled 
hypertensive patients and normotensive control subjects and 
showed that patients with refractory hypertension had 
increased tissue Na content, assessed by Na-MRI measure-
ments, in comparison to control subjects [ 23 ,  26 ]. In order to 
provide a better support of his hypothesis that Na is stored in 
the tissue and that tissue-Na storages have important regula-
tory functions, Titze et al. performed a rather unusual, 2 
phases experiment: they analyzed the long-term Na balance 
in 4 normal men (in Mars 105) and 6 normal man (in Mars 
520), studied for 105 and 205 days respectively, in a simu-
lated space fl ight to Mars. The men received fi xed amounts 
of Na intake and underwent numerous investigations. The 
results showed a weekly (circaseptan) Na excretion that was 
positively associated to cortisol levels and negatively 
 correlated to aldosterone levels. TBNa was found to have 
longer (≥monthly) infradian rhythms independently of 
ECW, body weight and BP, and a non-dependent status to Na 
intake [ 23 ,  27 ].  

    Cardiotonic Steroids (CTS): Involvement in CKD 
 CTS are also called ‘digoxin-like’ endogenous substances 
found in the serum and urine of uremic and overhydrated 
patients and, also, in other clinic conditions, such as CHF, 
hypertension, renal ischemia and preeclampsia [ 28 – 32 ]. 
They represent a relatively new discovered class of 
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 endogenous cardiotonic steroid hormones that act as a spe-
cifi c ligand for the Na/K-ATPase transmembrane protein on 
the surface of cardiomyocytes by coupling reduced Na/K- -
ATPase’s activity with a reduction in Na/Ca; this determines, 
therefore, an accumulation of intracellular Na and an increase 
in cytosolic Ca [ 33 ,  34 ]. 

 The Na/K-ATPase plays a pivotal role in regulating the 
cellular transmembrane ion gradient of Na and K through 
ATP-dependent transport across the plasma membrane [ 35 , 
 36 ]. The Na/K-ATPase is formed by two subunits, α and β; 
the fi rst one is the catalytic subunit, with four isoforms, and 
presents with specifi c binding sites for Na. K, ATP and CTS 
[ 37 ,  38 ]. It has been demonstrated that, when CTS binds to 
the α 1  subunit of the Na/K-ATPase where it becomes able to 
activate multiple protein kinase cascades: the epidermal 
growth factor receptor (EGFR), phospholipase C (PLC), 
phosphoinsitide 3-kinase (PI3K), protein kinase C (PKC), 
mitogen-activated protein kinases (MAPKS) and reactive 
oxygen species (ROS) [ 34 ,  39 – 41 ]. CTS binding to Na/K- -
ATPase determines the endocytosis of this new-formed 
complex in a way consistent with classic receptor tyrosine 
kinases [ 42 ]. 

 It has previously been reported that marinobufagenin 
(MBG), an endogenous bufadiendolide CTS, is elevated in 
both in clinical and experimental renal failure [ 31 ,  35 ,  36 ,  43 , 
 44 ]. MBG presents a greater affi nity for the α 1  subunit of the 
Na/K-ATPase and has a greater importance in the pathogen-
esis of renal failure [ 31 ,  43 ]. 

 In 2006, Kennedy et al. performed a study on Sprague- 
Dawley rats, highlighting the central role of MBG in the 
pathogenesis of experimental uremic cardiomyopathy [ 31 ]. 
Since MBG levels were elevated in partial nephrectomy rats, 
they administered MBG to sham-operated rats in order to 
achieve similar concentrations. Also, for neutralizing MBG 
in the setting of renal failure, they actively immunized the 
rats against MBG, before partial nephrectomy. Their results 
are summarized as follows: partial nephrectomy was associ-
ated with all of the signatures of clinical uremic cardiomy-
opathy; partial nephrectomy rats developed systemic 
oxidative stress and impaired diastolic function as seen in 
CKD patients; the MBG infusion produced almost the same 
increase in plasma levels of MBG + a similar degree of oxi-
dative stress and cardiac abnormalities, as seen in partial 
nephrectomy rats. Also, both partial nephrectomy rats and 
MBG infusion produced an important amount of cardiac 
fi brosis. Active immunization against MBG was associated 
with substantial attenuation of cardiac hypertrophy, fi brosis 
and oxidative stress, but, even though MBG infusion deter-
mined an increase in BP, the immunization did not improve 
this parameter [ 31 ]. These results were further supported by 
clinical fi ndings. In 25 ESRD patients (20 on HD and 5 on 
PD) MBG levels, and not ouabain levels, were 3.5 fold 
higher in cf. the control group [ 43 ]. 

 It appears, therefore, that CTS and especially MBG might 
become the new therapeutic targets in the management of 
uremic cardiomyopathy. Tian et al. demonstrated that admin-
istration of spironolactone attenuates cardiac fi brosis in par-
tially nephrectomized rats and in MBG infusion models [ 36 ]. 
Also, considering the recent evidence showing that Friend 
leukemia integration-1 (Fli-1), which is a negative regulator 
of collagen synthesis, is also involved in the pro-fi brotic sig-
naling of CTS, Haller et al. found that in experimental 
chronic renal failure, increased levels of MBG contribute to 
hypertension and cardiac fi brosis through suppression of this 
transcription factor and suggested that this could represent a 
new potential therapeutic target [ 44 ,  45 ].  

    Malnutrition-Infl ammation and VO in CKD 
 Protein-energy malnutrition (PEM) develops when the diet 
cannot satisfy the body’s need for protein and/or energy – a 
frequent status in dialysis patients [ 46 ]. PEM is accountable 
for a poor quality of life and increased all-cause mortality in 
ESRD patients [ 47 ,  48 ]. In renal patients, there is an important 
pro-infl ammatory status [ 49 – 52 ]. Furthermore, it has been 
found by several investigators, that these two conditions coex-
ist in ESRD patients [ 46 ]. Infl ammation promotes atheroscle-
rosis so, the term of ‘malnutrition-infl ammation- atherosclerosis’ 
(MIA) syndrome or ‘malnutrition- infl ammation complex syn-
drome’ (MICS) has been adopted. MIA syndrome is consid-
ered as one of the main cause of mortality in ESRD patients 
[ 46 ,  53 ,  54 ], extremely diffi cult to be modifi ed – as shown by 
many studies that also failed to demonstrate an improvement 
in survival rates when dialysis dose or membrane permeability 
was increased [ 55 ,  56 ], or when drugs (statins, etc.) were 
used [ 57 ,  58 ]. 

 The main cause of PEM and infl ammation in dialysis 
patients are well detailed in several reviews [ 58 ]. New recent 
studies are associating to a greater degree malnutrition and 
infl ammation with VO. In 95 prevalent PD patients, VO was 
signifi cantly associated with malnutrition, infl ammation and 
atherosclerosis markers [ 59 ]. Hung et al. found in 338 pre- 
dialysis CKD patients that volume overload was positively 
correlated with IL-6 and TNFα and the only parameter that 
was strongly associated with all components of the MICS 
syndrome. At the same time, the presence of MICS had addi-
tive deleterious effects to VO [ 12 ]. It is, nevertheless, diffi -
cult to determine if MICS is a consequence of VO. TNFα 
levels are increased in CKD overhydrated patients [ 12 ], and 
in patients with CHF [ 60 ]. Also, an in vitro experiment had 
shown an overexpression of TNFα in the hearts of animal 
models with volume overload and myocardial TNFα plays 
an important role in the pathophysiology and progression of 
HF and cardiac dilatation [ 61 ,  62 ]. 

 Lately, endotoxemia appears to become a new piece in the 
puzzle of systemic infl ammation of renal patients with 
VO. Endotoxemia implies the translocation of intestinal 
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 molecules frequently encountered in cases with fl uid excess 
and an increased infl ammatory status. A recent prospective 
study aimed to evaluate the association between renal func-
tion, fl uid status, systemic infl ammation and endotoxemia in 
74 stage 1–5 CKD patients. Eighty four percent of these 
patients had VO and signs of endotoxemia were present in all 
patients but with endotoxin levels higher in overhydrated 
patients. In contrast, the investigators did not found a role of 
endotoxemia in systemic infl ammation since endotoxin lev-
els were not associated with infl ammation markers [ 63 ]. 
Also, endotoxin levels were found to be higher in CKD 
patients with important cardiovascular comorbidities, and 
increasing with CKD stage [ 64 ].    

    Assessment of Fluid Status in CKD 

 One of the most important tasks for a nephrologist is the correct 
assessment of fl uid status. ESRD patients, treated by a standard 
dialysis prescription, are affected by chronic volume overload 
and by intermittent interdialyitic weight gain (IDWG). Statistical 
analyses demonstrate an association between these two condi-
tions and mortality [ 2 ,  3 ,  11 ,  65 ]. An inaccurate assessment of 
dry weight leads to hypertension/hypotension, cardiac and vas-
cular dysfunction, omission of small changes in nutritional sta-
tus, and intradialytic morbidity and mortality [ 66 ]. 

    Clinical Assessment of Fluid Status 
in Chronic Kidney Disease 

 This was the fi rst method used for the estimation of a patient’s 
water status, but its use as a unique assessment tool has been 
plagued by its lack of sensibility and specifi city. It comprises 
the evaluation of: BP, pedal edema, pulmonary congestion 
rales, turgid jugular veins, dyspnea, weight increase, history 
of previously excessive salt and water intake and the maxi-
mum ultrafi ltration tolerated by the patient. There are several 
important shortcomings:
•    a patient can present ECV excess without displaying 

signs/symptoms of VO [ 9 ]  
•   high BP levels are not a reliable tool for assessment of VO 

as there is aproportion of patients that are normotensive 
despite VO and other patients that are hypertensive but 
normovolemic [ 9 ,  67 ]  

•   pedal edema cannot account only for VO, being, also, 
present in cases of vascular stasis, use of dihydropiridine 
calcium channel blockers or venous insuffi ciency; in con-
trast, a large proportion of volume overloaded patients 
does not present edema [ 68 ]  

•   weight changes can occur, also due to nutritional diet 
modifi cations or poor nutritional status and cannot be 
judge only on ECV variations [ 68 ,  69 ]    

 Nevertheless, clinical evaluation remains an important 
fl uid status assessment tool in the hands of well-trained, 
experienced nephrologists. Vasko et al. conducted a study on 
this issue and demonstrated, in 30 HD patients, that clinical 
judgment was the single most important factor in OH estima-
tion, even though a systematic approach using clinical 
assessment + BIA + laboratory and imaging parameters pro-
vided a superior accuracy in fl uid status evaluation [ 70 ].  

    Echocardiography and Inferior Vena 
Cava Measurements 

 Echocardiography is considered as the most important tool 
in the diagnosis of CHF in CHD patients, but it proves to be 
a diffi cult maneuver to perform in these conditions. It can 
reveal concentric LVH, eccentric LVH, isolated LV dilata-
tion and systolic dysfunction [ 71 ]. In early CKD stages, LVH 
develops as a physiological response to pressure and VO, but 
its prevalence and severity increases with progressive loss of 
renal function leading to structural changes due to chronic 
overload and CKD-associated factors [ 72 ]. In dialysis 
patients, LV volumes fl uctuates due to chronic VO, IDWG 
and the presence of associated cardiac impairment, so, echo-
cardiography should be performed at an achieved DW, for 
reliable results [ 71 ]. 

 Measurement of IVC is a simple, rapid and non-invasive 
method of fl uid status assessment, based on the theory that, 
in VO, there is an increase of the intravascular volume and a 
secondary increase in the venous system. This could actually 
be considered a limitation of the technique in HD patients 
where, an increased rate of ultrafi ltration could shrink the 
echocardiographic volumes even in patients that are, in fact, 
volume overloaded, leading, therefore, to a ‘false state of 
normovolemia’ [ 73 ]. On the other hand, Katzarski et al. 
found that IVC diameter is dependent on the vascular refi ll-
ing, which seems to be more rapid in patients that undergo a 
more aggressive ultrafi ltration [ 74 ]. There are, also, several 
possible cofounding factors that could undermine the diag-
nostic value of IVC measurement in these patients: the infl u-
ence of diastolic dysfunction and the low venous compliance 
that determines an expansion of the IVC diameter even to a 
small change in volume [ 73 ,  75 ]. The fi rst study, performed 
by Cheriex et al. in 18 HD patients, found that IVC diameter 
and its collapse index are associated with right atrial pres-
sure, but failed to demonstrate an association between IVC 
collapse index and blood volume modifi cations [ 76 ]. A 2010 
study, performed in 160 HD patients, could not correlate VO 
with an IVC augmentation, measured before the midweek 
HD session, and concluded that IVC has a positive predictive 
value of VO of only 18 %, with an important proportion of 
false negative cases (45 %) [ 9 ]. Another recent study 
showed that IVC diameter is modifi able with DW reduction 
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refl ecting its volume-dependent response; the same results 
were found in respect to left atrial diameter. However, an 
association between an improved inter-dialysis BP and a 
decrease of the IVC collapse index could not be marked [ 73 ].  

    Biomarkers of Volume Overload in CKD 

 In HF, several biomarkers, in particular B-type natriuretic 
peptide (BNP) and its N-terminal fragment (NT-proBNP) 
have proven their important role for the diagnosis, early risk 
stratifi cation, detection of acute CHF and adjustment of ther-
apeutic strategies [ 77 ]. An increase in BNP levels of 100 pg/
ml was found to be predictive of a 35 % increase in the rela-
tive risk of death in HF patients [ 78 ]. These biomarkers are 
vasopeptide hormones secreted from the LV in response to 
myocardial wall injury. In CKD patients, BNP and NT 
proBNP were correlated with renal function decline [ 79 – 83 ], 
with cardiac impairment and with survival [ 82 ,  84 – 89 ]. 
A comprehensive scheme is provided for a better under-
standing of all of these aspects, containing, also, references 
for a more detailed analysis (Fig.  12.1 ) [ 9 ,  12 ,  79 – 81 ,  84 ,  85 , 
 90 – 98 ].

   Theoretically, overhydration increases parietal stress and 
secretion of BNP and NTproBNP; therefore, BNP and 
NTproBNP could be used as markers for volume status eval-
uation. However, the diagnostic value has been considered to 
be limited in CKD patients because renal dysfunction itself 
and associated cardiovascular diseases that may affect BNP 
levels. The use of BNP and NT-proBNP as adequate 
 parameters for measurement of VO was compared with other 

validated methods, such as clinical assessment, BIA or IVC 
measurements [ 91 – 94 ,  99 ], with different conclusions. 
Jacobs et al. also demonstrated in 44 HD patients followed 
for 6 months that VO parameters measured by BIA had a 
strong correlation with  baseline  BNP and NT pro-BNP lev-
els, independently of the patient’s cardiac history [ 94 ]. In 
2013, Antlanger et al. reported similar results in 212 HD 
patients in which NT pro-BNP levels were strongly associ-
ated with overhydration (fl uid status evaluated by bioimped-
ance), independently of infl ammation or high BP [ 93 ]. In 
contrast, Panigua et al. in a large cohort including 753 dialy-
sis patients (both HD and PD) found no correlation between 
NTproBNP and volume status parameters. Additionally, sev-
eral studies described a statistically signifi cant relationship 
between overhydration and BNP or NTproBNP only in 
patients with left ventricular dysfunction. David et al. found 
that a cut-off value of ≥7,200 ng/L for serum NT-proBNP 
discriminates HD patients without LV dilatation (LVD) from 
those with LVD and that persistent post-HD VO is associated 
with increased levels of NT-proBNP levels in patients with 
LVD [ 91 ]. Similarly, Booth et al. reported in 62 HD patients 
with LVD, that NT pro-BNP levels were signifi cantly associ-
ated with markers of fl uid overload assessed both by clinical 
evaluation (peripheral edema) and BIA measurement (ECW/
TBW) [ 96 ]. 

 Importantly,  changes in NTproBNP  could be better asso-
ciated with volume status. Davenport et al., report in 2012, 
after conducting 189 serial measurements in 92 PD that 
changes in NT-proBNP levels were strongly associated with 
TBW, ECW and ECW/TBW assessed by BIA. Patients who 
experienced the highest decrease in NT-proBNP levels also 

Associated with renal function decline in pre-dialysis
CKD patients with/without cardiac impairment

12, 79-81, 84, 85, 95

Considered VO markers and/or CV markers + 
predictors for CV events in RRT patients with various

types of cardiac dysfunction
91-93, 96

Considered VO markers in RRT patients without
cardiac impairment

94, 97

Not found to be adequate VO markers in RRT patients
9, 90, 98

BNP,
NT-

proBNP

  Fig. 12.1    Summary of the main 
fi ndings regarding BNP and NT 
pro-BNP in CKD patients       
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presented with signifi cant reductions of ECW, TBW and 
ECW/TBW and a decrease in systolic BP from 143.8 ± 24.6 
to 136.5 ± 18.7 mmHg; patients with the greatest increase in 
NT pro-BNP suffered also an increase in systolic BP from 
133.5 ± 22.7 to 142.7 ± 28.8 mmHg. Chazot et al. analyzed 
retrospectively the BNP levels at baseline and during the sec-
ond quarter of HD treatment, in 46 patients that initiated HD 
in the last 6 months [ 100 ]. At HD initiation, the plasma BNP 
level was 1,041 ± 178 pg/ml and it was correlated with age, 
gender (males) and cardiac disease history, but not with mor-
tality risk. The analysis performed at the second quarter of 
the HD treatment showed that the BNP levels decreased to 
631 ± 707 pg/ml and this reduction was associated to SBP 
decrease. At this stage, higher BNP levels were indepen-
dently associated with increased risk of mortality, suggesting 
that BNP could represent a benefi cial parameter to follow 
patient dehydration after HD initiation and that initial fl uid 
overload may act as a confounder factor for its predictive 
value [ 100 ]. In contrast, Breidthardt et al. found no correla-
tion between hydration status and BNP in a 113 chronic sta-
ble hemodialysis cohort [ 101 ].  

    Bioimpedance Analysis (BIA) in CKD 

 This represents a non-invasive, volume measurement tech-
nique based on the electrical principle that the body is a cir-
cuit with a given resistance (opposition of high and low 
frequency current fl ow between intracellular and extracellu-
lar compartments) and a given reactance (the ability of cells 
to store energy) [ 1 ,  68 ]. 

 The BIA method includes: monofrequency and multifre-
quency bioimpedance analyzed by segmental and whole- 
body spectroscopy. The details on BIA technologies, physics 
and methods can be found elsewhere [ 102 – 104 ]. The main 
difference between BIA methods includes the fact that 
whole-body single frequency BIA (SF-BIA) measures the 
resistance, the reactance, the impedance and the phase angle 
to calculate ECW and TBW, while whole-body multifre-
quency bioimpedance spectroscopy (MF-BIS) calculates 
extracellular and intracellular volumes, providing ratios 
(ECW to TBW, ECW to ICW) [ 105 ]. The SF-BIA is based 
on a regression model, while MF-BIS is based on the 
 Cole- Cole equation that is dependent on measurements per-
formed in healthy control subjects, allowing, at the same 
time, correction for cofounder parameters such as gender 
and age [ 103 – 105 ]. The segmental bioimpedance measure-
ment is providing additional information and is considered 
more accurate since it allows the calculation of body compo-
sition parameters in each segment and the results are depend-
able on a MRI comparable model data [ 103 ,  105 ]. 

 BIA measurements were validated in healthy and renal 
populations by different ‘gold-standard methods for fl uid 

status assessment: blood volume monitoring (BVM) and by 
isotope dilution methods [ 106 ,  107 ]. The direct isotope dilu-
tion methods include: deuterium oxide (D 2 O) for the mea-
surement of TBW, bromide dilution (Br) for the measurement 
of ECV and total body K (TBK) for the measurement of 
ICV; nevertheless, there are some data stating that these 
direct methods and their ‘confi rmation’ relationship to BIA 
are not free from bias [ 107 ]. A recent study aimed to com-
pare the precision and accuracy of SF-BIA and MF-BIS to 
direct estimation measurements (DEM) of TBW, ECV and 
ICV in 49 HD patients. The authors found that estimation of 
TBW SF-BIA in comparison to TBW MF-BIS  and TBW DEM  did not 
signifi cantly differ; the same results were found for ECV DEM  
and ECV MF-BIS , but with a statistically signifi cant difference 
between ECV SF-BIA  and ECV DEM , suggesting that evaluation 
of ECV with MF-BIS is more accurate than using 
SF-BIA. This study, also, compared the overall DEM results 
of VO parameters with the indirect estimation methods 
(IEM) and concluded that, in dialysis patients, there is no 
real ‘gold standard’ [ 105 ]. 

 BIA is a useful tool for fl uid management in pre-dialysis 
CKD patients. There are several studies that are suggesting 
the importance of BIA in these patients for a better estima-
tion of overhydration and improvement in clinical manage-
ment [ 6 ,  7 ,  12 ,  108 ]. 

 In 84 patients with mild to severe CKD, TBW SF-BIA  was 
signifi cantly higher than in healthy control subjects and this 
method was proven to be an effi cient clinical tool to assess 
impairment in body composition [ 6 ]. The same results were 
found by Hung et al. who showed, in 338 patients with stages 
3–5 CKD, that 20 % of them presented with VO ≥7 % in the 
absence of clinically detectable edema and concluded that 
BCM could be the most benefi cial technique for detection of 
overhydrated CKD patients with clinically hidden signs [ 12 ]. 
In another study, ECV measured by MF-BIS was associated, 
in CKD patients, to renal function decline and various CV 
parameters [ 7 ]. Verdalles et al. aimed, in 50 CKD patients 
with resistant hypertension, to evaluate fl uid status (using the 
BCM® device) and assess whether this method could be use-
ful in controlling BP and diuretic treatment. The ECV expan-
sion was observed in 60 % of the included patients; after 
6 months of follow-up, BIS-guided fl uid management lead, 
after an intensifi ed diuretic treatment, to a decrease of TBW 
and SBP, with a GFR that remained stable [ 108 ]. 

 Independently of the different BIA techniques, different 
targets and various protocols used, BIA-guided fl uid man-
agement appears to be clearly associated with improved sur-
rogate and hard end-points. 

 In dialysis patients, BIA was associated with: better man-
agement of fl uid status [ 109 – 112 ]; improved BP control [ 11 , 
 109 ,  111 ,  113 ]; improved arterial stiffness and other CV 
parameters [ 109 ,  111 ] and better survival both in HD and PD 
patients [ 11 ,  110 ,  114 ]. 
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 Wizemann et al. found that OH (defi ned as ECV/TBW 
cut-off value of >15 % or a VO >2.5 L) is an independent 
factor of mortality (HR = 2.1) and this value has become 
standard reference for VO defi nition in dialysis patients [ 13 ]. 
Measurement of VO status by BIA and measurement of 
before-HD values of systolic BP allow a classifi cation of 
these patients into fi ve categories [ 115 ]: Group I: VO >2.5 L 
and SBP >140 mmHg; Group II: VO <1 L and SBP 
>150 mmHg; Group III: under hydrated patients with 
normal- low SBP (<140 mmHg); Group IV: VO >2.5 L and 
SBP <140 mmHg; Group V: VO between 1 L and 2.5 L + SBP 
between 100 and 150 mmHg; this group is associated, in 
general, with healthy subjects or dialysis patients with well- 
managed VO. 

 Data provided by an analysis of 1,500 HD patients in 22 
European centers showed that >25 % of these patients pres-
ent with VO >2.5 L [ 116 ]. Therefore, the necessity for an 
objective and effective technique for the measurement and 
management of fl uid status has become imperative. Current 
data is supporting BIA as a promising tool for the adequate 
assessment of DW in RRT patients [ 9 ,  106 ,  117 ]. 

 Moissl et al. conducted the fi rst trial that combined active 
BIS-guided fl uid management with time-averaged fl uid 
overload (TAFO) targets, in 56 HD patients, aiming to assess 
the feasibility and clinical consequences of this integrated 
technique for fl uid management [ 106 ]. TAFO represents the 
average cardiovascular fl uid overload over 1 week, assuming 
a linear fl uid accumulation during the inter-dialysis period. 
The results showed that active fl uid management with bio-
impedance lead to a decrease in TAFO and BP for the patients 
in the VO group. At the end of the study, 86 % of all patients 
were either on TAFO target or closer than at baseline [ 106 ]. 

 There are only two hard end points-RCT that evaluated the 
usefulness of BIS in fl uid status management [ 109 ,  111 ]. The 
fi rst one, conducted by a Turkish team, randomized 156 HD 
patients, with BIA measurements and clinical assessment of 
DW, into two groups: in the intervention group, the treating 
physician received information about fl uid status and used it 
to adjust HD-fl uid removal, whereas in the control group, 
DW was adjusted only by usual clinical practice. In the inter-
vention group TAFO was signifi cantly decreased in compari-
son with the control group, LVMI regressed from 131 ± 36 to 
116 ± 29 g/m, in comparison to the control group where it 
remained the same and, also, other cardiovascular parameters 
were improved [ 111 ]. The second trial, performed by a 
Romanian team, showed in 131 HD patients that received 
DW prescription based on fl uid management guided by BCM 
or by clinical judgment that, after a follow-up period of 
2.5 years, the bioimpedance group showed a higher decline in 
arterial stiffness, SBP and a better control of VO [ 109 ]. 

 Finally, a new bioimpedance technique was proposed for 
accuracy continuous monitoring of ECV during HD 
 sessions – calf BIS (cBIS). This method is based on the 

hypothesis that, due to gravity, the lower limb is more likely 
to present an ECV expansion than the arms or trunk and, 
therefore, the calf could represent the last fl uid feeding capi-
tal for the intravascular compartment during ultrafi ltration 
[ 118 ]. During ultrafi ltration, the extracellular resistance of 
the calf (cR E ) increases until all fl uid accumulation is com-
pletely removed and the bioimpedance parameters would not 
change (further increase), even if ultrafi ltration still contin-
ues [ 119 ]. A very small study (N = 21 patients) compared the 
DW determined by cBIS and normal hydration weight pre-
dicted by whole-body BIS (NHW WBM ). From the 21 included 
patients, 12 patients did not reach DW cBIS . Changes of whole-
body ECV using whole-body BIS were more accurate in the 
DW cBIS  group than in the non-DW cBIS  group [ 120 ]. A new, 
also small study, that is actually an opening base for future 
research, showed that the use of cBIS for reaching DW in 
HD patients could, in fact, translate into a reduction of LV 
mass and BP in these patients, improving, therefore, cardio-
vascular outcomes [ 119 ]. 

 The BOCOMO study is a multicenter, prospective RCT 
that will enroll 1,300 participants from 16 clinical facilities 
with the objective of evaluate the effects of BIA-guided fl uid 
management compared to standard care for a minimum fol-
low- up period of 36 months. The primary outcome will be a 
composite end point of death, acute myocardial infarction, 
stroke or incident peripheral arterial occlusive disease and 
the secondary outcomes will include LV wall thickness, BP, 
medication and hospitalization parameters [ 121 ].  

    Blood Volume Monitoring (BVM) 
and Volume Overload 

 This technique uses relative blood volume (RBV) monitor-
ing devices incorporated in the dialysis machine that allow 
non-invasive, real-time assessment of intra-dialysis changes 
of hemoglobin/hematocrit concentrations (by optical absor-
bance) or of the concentration of total plasma protein (by 
ultrasound recorded blood waves velocities) [ 102 ,  122 ]. 

 The BVM method has been proposed for predicting DW 
but was, initially, conceived for a better management of 
intra-dialysis hypotension [ 123 – 125 ]. However, there are 
several reports that contradict the usefulness of BVM for the 
management of fl uid status and overall hemodynamic stabil-
ity [ 126 – 128 ]. 

 RBV monitoring offers information on RBV changes, but 
no data about the absolute blood volume and the interstitial 
hydration [ 119 ,  122 ]. Accordingly, this technique is not able 
to differentiate between the actual DW and excessive ultrafi l-
tration rate (UFR) in relation to plasma refi lling rate [ 119 ]. 

 Lopot et al. found that fl at intradialytic relative plasma 
volumes (RPV) slopes are correlated with VO in HD patients 
[ 129 ]. The DRIP study showed that HD patients with fl at 
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RPV slopes at baseline are overhydrated and that these 
patients had a higher decrease in interdialytic SBP upon 
probing DW [ 102 ,  130 ,  131 ]. In contrast, Reddan et al. found 
in the CLIMB study that interdialytic BVM was associated 
with higher hospitalization and mortality than for conven-
tional monitoring patients, with no advantage for BVM 
regarding dialysis-associated complications or need for phy-
sician’s intervention [ 132 ]. Finally, Seibert et al. showed that 
combining BVM with cBIS may prove to be more useful in 
assessing the relationship between plasma refi lling and tis-
sue hydration during the HD session [ 119 ]. 

 Hecking et al. are conducting a multicenter, prospective, 
triple-arm, parallel-group, crossover RCT to test the hypoth-
esis that, in comparison to conventional HD (CHD), BVM- 
regulation of UF and dialysate conductivity (UCR) and/or 
regulation of UF and temperature (UTR) will decrease the 
complications that appear when UF volumes are systemati-
cally increased in volume overloaded HD patients [ 133 ]. The 
patients will be randomized 1:1:1 into UCR, UTR and 
CHD. The primary end-point will be a comparison between 
intra- and post-dialysis complications between groups, and, 
in addition, changes in relative weight reduction, residual 
renal function, quality of life and pre-dialysis laboratory 
parameters will be, also, assessed as secondary outcomes at 
the beginning and at the end of study [ 133 ].  

    Ultrasonography of Extravascular 
Lung Water (ELW) in CKD 

 ELW represents the water contained by the lung interstitium 
and it depends on the ventricular fi lling pressure of the LV 
[ 179 ]. Lung ultrasound (LUS) data of this compartment 
translates into ultrasound B-lines (BL-US), known also as 
lung comets. This method has been validated by CT scans, 
thermodilution with Swan-Ganz catheterization, natriuretic 
peptides levels and echocardiographic measurements [ 134 –
 138 ]. LUS has been found to be a useful tool for risk stratifi -
cation and fl uid management of ICU patients, evaluation of 
lung water (LW) in HF patients, or acute respiratory failure 
patients and for the diagnosis of alveolar-interstitial syn-
drome [ 135 ,  139 – 141 ]. More than that, it seems that it is an 
excellent method for differential diagnostic between HF and 
COPD, with a sensitivity of 85.7–100 % and a specifi city of 
92–97.7 % [ 135 ,  142 ,  143 ]. 

 Recently assessment of ELW by LUS has been proposed 
as an important and accurate mean of evaluation and fl uid 
management guidance in HD patients [ 131 ,  142 ,  144 ,  145 ]. 
Mallamaci et al. found in 75 HD patients that 47 of them 
presented with LUS-evaluated severe lung congestion before 
HD and that this fi nding was observed in both symptomatic 
and asymptomatic HF patients [ 144 ]. In this study, LW 
excess was not associated with hydration status, but was 

strongly correlated with NYHA functional status, LV ejec-
tion fraction (LVEF), LA volume and pulmonary pressure; in 
a multiple regression model that included traditional and 
non-traditional risk factors, only LVEF maintained an inde-
pendent association with LW excess. The authors concluded 
that this method is a reliable technique to detect pulmonary 
congestion at a pre-clinical stage in HD patients [ 144 ]. 
Consistent with these fi ndings, Zoccali et al. wanted to test 
the prognostic value of LUS evaluation of ELW as a predic-
tor for cardiac events and mortality in ESRD patients. The 
study, conducted in 392 HD patients, found that 45 % of 
them had moderate to severe lung congestion, 14 % severe 
lung congestion and that this latter group presented a 4.2- 
fold risk of death and a 3.2-fold risk of cardiac events in 
comparison to the fi rst group. The results proved BL-US 
score as a strong, independent death and cardiac events pre-
dictor in HD patients [ 131 ]. 

 Noble et al. assessed the dynamics of BL-US in 40 HD 
patients that underwent three LUS evaluations: the fi rst one – 
before the start of HD session, the second one at the halfway 
into the HD session and the third one at the end of HD ses-
sion [ 142 ]. This evaluation allowed the demonstration that 
B-lines change in real-time as fl uid is being removed from 
the body. This fact could contribute to the importance of this 
method in assessing real-time changes of ECW during HD 
session and its usefulness as a fl uid management guidance 
tool [ 142 ]. 

 Siriopol et al. conducted recently an innovative, prospec-
tive observational study in 96 HD patients and compared, for 
the fi rst time, three different strategies to predict mortality in 
this population [ 145 ]. The patients were analyzed, pre- and 
post-dialysis, by LUS, MF-BIS and echocardiographic 
parameters. The pre-dialysis ultrasound lung congestion 
score was strongly associated with all of the MF-BIS mea-
surements, but, only the BL-US score had a signifi cant dis-
criminator power for survival. The BL-US score was found as 
the best predictor for the hydration status-mortality relation-
ship, independently of MF-BIS-derived parameters [ 145 ]. 

 All of these studies represent the ground-stones for the 
development of future interventional studies [ 146 ,  147 ].  

    Heart Rate Variability (HRV) 
and Volume Overload in CKD 

 Autonomic nervous system (ANS) dysfunction occurs in 
approximately half of all ESRD patients [ 148 ]. It has been 
demonstrated that these patients have a withdrawal in para-
sympathetic modulation of heart rate and an increase of 
the sympathetic input to the sinoatrial node [ 149 ]. Uremic 
toxins seem to be implicated in the genesis of cardiovas-
cular dysautonomy, condition that is associated with dial-
ysis hypotension, arrhythmias and sudden death [ 148 ]. 
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The  susceptibility of HD patients to cardiac dysfunction 
has been attributed to several factors: myocardial isch-
emia, LVH/LVD, serum electrolyte changes, VO and fl uid 
removal during the dialysis session, OSA, the sympatho-
vagal imbalance and dialysis- techniques related factors, all 
of which have an impact in cardiac reactivity – a pivotal 
parameter for the maintenance of hemodynamic stability 
during HD [ 10 ,  115 ,  148 ,  149 ]. 

 HRV is a simple, non-invasive technique used to evaluate 
cardiac dysautonomy in healthy individuals as well as in 
pathological settings [ 150 – 153 ]. The HRV measurement pro-
vides data about the sympathetic and parasympathetic activ-
ity and refl ects the ability of the sinoatrial node to modify the 
heart rate [ 10 ,  115 ]. In a simple manner, it measures the peri-
odic variations in R-R interval from beat to beat [ 148 ]. 

 The association between HRV and fl uid overload is sup-
ported by several fi ndings and hypothesis:
•    cardiac hypertrophy is associated with HRV modifi ca-

tions and volume overloaded patients have a decreased 
HRV due to cardiac hypertrophy [ 115 ]  

•   ANS is affected by variations in central volumes [ 10 ]  
•   the sympathetic activation observed in renal patients is 

infl uenced both by a decrease in the LV fi lling and by 
fl uid status [ 10 ,  154 ]  

•   mechanical stretch of the sinoatrial node in a pig heart 
model reduces the parasympathetic modulation of the 
heart rate [ 149 ,  155 ]    
 The most commonly used and validated techniques for 

evaluation of HRV include time domain and spectral domain 
analysis. The time domain analysis includes the measure-
ment of multiple statistical calculated parameters of the R-R 
interval duration and its variation over time (minimum, max-
imum, average and SD) [ 115 ,  148 ]. The spectral domain 
analysis estimates the sympathetic-vagal infl uence of the 
HRV through frequency domain analysis. It uses high- 
frequencies (0.15–0.40 Hz) that correlate respiratory-driven 
vagal efferent input to the sinoatrial node and low- 
frequencies, that correlate with parasympathetic and sympa-
thetic activity and baroreceptors-mediated BP control [ 149 ]. 

 HRV changes were described in HD patients and were 
associated with hematocrit, body mass index, HD duration, 
LVH and ischemic heart disease [ 115 ]. HRV was found to be 
an independent predictor of mortality in 383 HD patients 
with 24-h ambulatory electrocardiographic records and time 
and frequency domains analysis [ 156 ]. 

 A recent trial was the fi rst one to analyze the association 
between VO and ANS dysfunction in 69 HD patients. VO 
was evaluated by whole-body BIS before the start of the 
midweek HD session. Also, at the same time, a 24-h 
HolterECG was started. Even though this is small, observa-
tional study, their results are the fi rst to demonstrate a corre-
lation between reduced HRV and higher values of VO in 
these patients [ 10 ]. A 2013 study aimed to compare the 

effectiveness of various measurement methods of fl uid status 
for an adequate estimation of DW [ 157 ]. Thus, 30 HD 
patients underwent BIS, BL-US score, BNP and IVC diam-
eter measurements, that were further analyzed by two 
nephrologists. All methods, except for evaluation of IVC 
collapse index after the end of the HD session, were able to 
assess overhydration before and after HD. In terms of evalu-
ating fl uid status, BL-US correlated better with BIS than 
IVC diameter and the authors concluded that BL-US could 
provide real-time evaluation of fl uid status [ 157 ].   

    Volume Overload-Consequences 
in CKD Patients 

    VO and Cardiovascular Disease (CVD) 

 Renal patients present a higher risk for the development and 
progression of cardiovascular disease (CVD) due to an 
increased prevalence of traditional risk factors (older age, 
male gender, hypertension, dyslipidemia, DM, LVH), but also 
due to non-traditional factors (albuminuria, anemia, hyper-
parathyroidism, ECV overload, oxidative stress, infl amma-
tion, malnutrition) [ 71 ]. The severity and incidence of CAD is 
higher with the reduction of the glomerular fi ltration rate 
(GFR) and CV morbidity and mortality are increased with 
impaired renal function (especially when GFR <15 ml/
min/1.73 m 2 ) [ 158 ]. Similarly, the risk of CHF is doubled in 
patients with a GFR <60 ml/min/1.73 m 2 ) [ 159 ]. Two studies 
[ 160 ,  161 ], one from Canada and the second one from Taiwan 
investigated on a large scale the CV risk associated with CKD 
fl uid overload is an important risk factor for CVD in CKD 
patients. Recently, Hung et al. reported in 338 patients with 
stages 3–5 CKD, that volume overload was strongly associ-
ated with both traditional and novel risk factors for cardiovas-
cular disease in a multivariate analysis (male sex, diabetes, 
pre-existing cardiovascular disease,  systolic blood pressure, 
serum albumin, TNF-α, and proteinuria) [ 12 ]. 

    VO, Sodium and Heart Failure in CKD 
 VO is the most important mechanism leading to decom-
pensated HF [ 162 ]. When kidney function is impaired or in 
chronic HF associated with renal hypo-perfusion, the kid-
ney ability to excrete sodium is exceeded, salt sensitivity 
increases, the sodium-effect of aldosterone is reduced and 
other conditions, such as renal resistance to natriuretic pep-
tides and non-osmotic release of ADH, appear [ 1 ,  68 ,  163 ]. 
In the initial phases, the etiologic factors induced by HF are 
represented by arterial under-fi lling and venous congestion; 
these are further translated into compensatory mechanisms 
[ 1 ]. First, the decreased distension of arterial baroreceptors 
during arterial under-fi lling determines the activation of SNS, 
RAAS and non-osmotic release of vasopressin,  leading to a 
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decreased water and Na excretion [ 1 ,  163 ]. The response 
is represented by vasodilatation with natriuretic peptide 
release, activation of the kinin-kalikrein system and expres-
sion of endothelial relaxation factor, for an increased water 
and Na excretion [ 1 ]. These compensatory adaptive mecha-
nisms eventually become maladaptive, further contributing 
to VO [ 162 ,  163 ]. There is still a paucity of data assessing 
the importance of VO as a risk factor for poor clinical out-
comes in patients with CKD and CVD, as renal patients are 
an underrepresented subgroup population in CHF random-
ized controlled trials (RCT). 

 Recently, a direct and strong association between plasma 
Na and LA volume (LAV) was described in asymptomatic 
patients with 3–5 stages CKD [ 164 ]. The plasma Na had an 
important impact on the variability of LAV, only second to 
LVM, LV volume and age. Plasma Na was found to be a 
predictor of approx. 16 % of the total variance in LAV, inde-
pendently of LVM and LV volume. Also, the study showed a 
very high prevalence (41.8 %) of subclinical LA enlargement 
that was not associated with a worsening GFR [ 164 ,  165 ]. 
Mallamaci et al. performed a subsequent analysis on this 
study and found that a-2 mmol/L increase in plasma Na is 
responsible for a 1 ml/m 2 ] increase in LAV [ 165 ].  

    VO, Hypertension and Left Ventricular 
Hypertrophy 
 The relationship between VO and BP was evaluated in sev-
eral studies [ 9 ,  110 ,  166 ]. In predialysis patients, Verdalles 
et al. used bioimpedance to assess fl uid status and to guide 
diuretic therapy for treating hypertension in these patients. 
Thirty patients with extracellular volume (ECV) expansion 
and a diuretic were compared to 20 patients without ECV 
expansion who instead received another additional antihy-
pertensive medication. At 6 months of follow-up, SBP 
decreased by 21 mmHg in patients with ECV expansion 
compared to 9 mmHg in patients with normal ECW 
( P  < 0.01). In addition, more patients achieved the target BP 
of less than 140/90 mmHg at 6 months in the group with 
ECV expansion (nine of 30 patients with ECV expansion cf. 
two of 20 without ECV expansion). 

 Based on bioimpedance and cuff BP measurements, 
Wabel et al. described four distinct categories of individuals 
in dialysis: (i) normotensive – normovolemics; (ii) hyperten-
sive – normovolemics; (iii) hypertensive – hypervolemics; 
(iv) normotensive –hypervolemics [ 110 ]. It is clear that BP 
management by different classes of drugs could be tailored 
much easier and related to prevailing underlying pathophysi-
ological mechanisms. Similarly, our group found in 160 HD 
patients, using multi-frequency body impedance spectros-
copy (MF-BIS) measurements, a large group of hypertensive 
patients with VO patients, despite an apparently achieved 
dry weight (DW) on clinical evaluation. Therefore, body 
composition monitoring (BCM) could represent an accurate 

measurement tool for the adequate management of BP and 
risk stratifi cation in HD patients, providing accurate infor-
mation of more abnormal cardiac and vascular profi les [ 9 ]. 
Similarly, in CKD predialysis and in dialysis patients, the 
inadequate evaluation of OH and its association with LVH 
have been established for a long time [ 9 ,  13 ,  109 ]. Essig et al. 
investigated 104 patients with early CKD followed-up for 
5 years, in order to evaluate body composition, cardiac alter-
ations and their association with GFR. The study showed 
that ECV was an independent predictor of LVH [ 7 ]. 
Moreover, the correction of the FO could be associated with 
an improvement of hypertension and left ventricular hyper-
trophy. Hur et al. in a recent RCT perform bioimpedance 
spectroscopy in 156 patients; at half of them, fl uid removal 
during dialysis was adjusted based on bioimpedance mea-
surement. After 1 year of follow-up, a substantial regression 
of the left ventricular mass index (mean difference between 
groups −10.2 g/m [ 2 ]; P < 0.001) and blood pressure was 
noted in the interventional group but not in the control group 
[ 111 ]. Also in PD patients, FO was associated with hyperten-
sion and LVH. Cader et al. aimed to assess the prevalence 
and LVH and its determinants in a cross-sectional observa-
tional study that enrolled 31 stable asymptomatic PD 
patients. OH was identifi ed as a predictor of higher LV mass 
index (LVMI) and, on multivariate analysis, was the main 
predictor of LVH in these patients [ 167 ].  

    FO and Arterial Stiffness 
 Arterial stiffness is best described by the viscoelastic prop-
erty of the arterial wall that represents the relationship 
between pressure response and changes in volume [ 168 ]. 
The principal factors that alter the arterial wall are classifi ed 
as stable factors (e.g. atherosclerosis) and dynamic hemody-
namic changes (e.g. BP) [ 168 ]. 

 In ESRD patients, the aorta, the common carotid artery 
and large arteries are enlarged in comparison to age-, sex- and 
BP-matched control subjects [ 169 ]. GusbethTatomir – Covic 
et al. found an association between VO (a common status in 
ESRD patients) and arterial stiffness [ 170 ], results that were 
confi rmed by similar fi ndings [ 65 ,  171 ]. Furthermore, an 
improvement in arterial stiffness was associated with a better 
survival in dialysis patients [ 172 ]. In these patients, chronic 
VO produces the proper conditions for arterial remodeling as 
a response to an increased wall stress, determining a thicken-
ing of the arterial intima-media [ 173 ,  174 ]. The increase in 
the arterial intima-media thickness (IMT) will further lead 
to a decreased arterial distension, an increased pulse wave 
velocity (PWV) and an early return of wave refl ection [ 173 , 
 175 ]. LVH in ESRD patients develops as a combined con-
sequence of both non- hemodynamic uremic factors and of 
hemodynamic overload, the latter being the effect of fl ow 
and pressure overload [ 173 ]. Flow overload determines the 
enlargement of LV and it is caused by anemia, arteriovenous 
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fi stulas and chronic VO; pressure overload is associated 
with structural and functional modifi cations of large arteries 
including stiffening of the arterial tree. At the same time, the 
arterial tree is also suffering remodeling from the fl ow over-
load burden. It is evident that cardiac and arterial changes 
are the consequence of the same hemodynamic abnormali-
ties [ 173 ]. 

 Regarding the decrease/amelioration of arterial stiffness 
by improving VO with HD, the literature provides confl ict-
ing data. Ie et al. combined carotid pulse contour analysis 
with aortic outfl ow measurement and found that aortic com-
pliance was improved by HD fl uid removal in patients with 
already achieved DW and steady BP although PWV did not 
differ after the HD session, suggesting that arterial stiffness 
in HD patients could be explained by a reversal reduction of 
aortic compliance due to volume expansion [ 176 ]. Another 
study measured PWV in 19 HD patients before and 24 h after 
they had achieved post-HD DW. The results failed to associ-
ate an improvement in PWV after volume reduction; this 
correlation was highlighted only after adding angiotensin 
converting enzyme inhibitors (ACEI) treatment for 1 week in 
a subgroup of ten patients, suggesting that the contribution of 
angiotensin II to arterial stiffness [ 177 ]. A more recent study 
demonstrated, in the same clinical settings, that HD signifi -
cantly reduced PWV from pre-HD to post-HD [ 178 ]. These 
later fi ndings were in addition supported by a study con-
ducted by the same group that evaluated the long-term asso-
ciation of VO with arterial stiffness. PWV was measured at 
baseline, at the end of the intervention period (2.5 years) and 
at the end of the study (3.5 years) and was analyzed in cor-
relation with VO status assessed by clinical methods and 
BIA. The results showed signifi cant difference in PWV 
between the groups in relationship to VO, with PWV 
decrease in the BIA-managed group and a signifi cant 
increase in the clinical-managed group, underlying the 
advantage of an adequate fl uid status management in arterial 
stiffness improvement [ 109 ]. 

 The newest information is provided by a very recent study 
that investigated for the fi rst time the effect of different HD 
techniques on arterial stiffness. The authors aimed for a com-
parative evaluation between hemodialysis and hemodiafi ltra-
tion on PWV, wave refl ections, and central hemodynamic 
parameters. The results showed a decrease in the augmenta-
tion index (AIx) by both methods. Also, the aortic and brachial 
PWV were not modifi ed by any of the two HD methods [ 179 ].  

    FO and Obstructive Sleep Apnea (OSA) 
 The presence of OSA in ESRD patients was associated with 
hypertension, LVH and increased mortality [ 180 – 182 ]. OSA 
presents a higher prevalence in patients that have VO status, 
such as CHF and ESRD in comparison to the general popula-
tion [ 183 – 185 ]. The hypothesized mechanism is that the 
fl uid overload status, so common in these patients, could 

increase the amount of fl uid displaced from the legs into the 
neck during nighttime, leading to a compression of the upper 
airways. Indeed, it has been demonstrated that OSA in ESRD 
is ameliorated with conversion from conventional to noctur-
nal HD or conversion from conventional ambulatory PD to 
nocturnal- cycler-assisted PD [ 186 ,  187 ]. 

 The proposed mechanism is supported by data from sev-
eral studies. In a cohort of 26 ESRD patients studied through-
out polysomnography, with BIA and neck circumference 
measurements it was found that nocturnal rostral fl uid shift is 
indeed associated with OSA [ 188 ]. Another cohort of 20 
patients was evaluated with polysomnography, leg fl uid vol-
ume measurement and magnetic resonance imaging (MRI) 
of the upper airway. It was found that VO, through increased 
internal jugular vein volumes and increased amount of 
mucosal water is a contributing factor in the pathogenesis of 
OSA in ESRD patients [ 189 ].   

    FO and CKD Progression 

 Tsai et al. published in 2014 the results of a prospective 
cohort study designed to assess the association of VO to 
CKD progression [ 14 ]. The study enrolled 472 CKD stages 
4–5 patients that were followed-up for a median 17.3 months 
period; 39.6 % had a rapid GFR decline while 15 % reached 
ESRD and started dialysis. The study showed that VO was 
independently associated with an increased risk of rapid 
GFR decline and that the severity of VO was associated with 
an increased risk of RRT initiation [ 14 ]. The same group fur-
ther investigated the enrolled 207/472 diabetic patients [ 8 ]. 
In this subsequent analysis, the authors reported that TBW, 
ECW and ECW/TBW were higher in diabetic patients with 
VO than in those who had only CKD + DM or only 
CKD + VO. In a multivariate analysis of progression to RRT 
initiation, a signifi cant association between DM and VO was 
shown. Also, the decline in renal function was signifi cantly 
more rapid in patients with VO than in patients without VO, 
independently of DM presence. The authors concluded that 
VO has a higher predictive value for an increased risk of 
CKD progression than DM in late CKD [ 8 ]. A modest, 
inverse relationship between OH and GFR was also observed 
by Hung et al. in 338 stages 3–5 CKD patients, but in a mul-
tivariate analysis, this correlation was no longer noted [ 12 ].  

    FO and Survival 

 FO, FO-determinants and FO-consequences are associated, 
in prospective observational studies [ 2 ,  3 ,  11 ,  65 ,  131 ,  145 , 
 171 ,  190 – 192 ] and in RCTs [ 109 ], with an increased risk of 
mortality among renal patients. Poor volume control is 
mainly related to at least three factors (i) high interdialytic 

12 Volume Overload in CKD: Pathophysiology, Assessment Techniques, Consequences and Treatment



130

weight gain (IDWG); (ii) high ultrafi ltration rate (UFR) 
causing as a consequence hypotension and (iii) chronic vol-
ume overload. 

 The association between  higher IDWG and poor survival  in 
HD patients was found in 11.142 USRDS database patients in 
which, pre- and post-dialysis BP values (by wide pulse pres-
sures implication) were independently associated with mortal-
ity [ 171 ]. An analysis of DOPPS data showed that 
HD-nondherence lead to higher IDWG and increased risk of 
hospitalization and mortality. Comorbidities and lower dialysis 
dose were also associated with higher mortality risk [ 65 ]. In a 
prospective observational cohort study on 34,107 HD patients, 
the association between higher IDWG and all- cause mortality 
was analyzed. The comparison groups were 4,900 HD patients 
with IDWG between 0.5 and 1.5 kg and 29,207 HD patients 
with IDWG >1.5 kg. Higher IDWG was found in younger 
patients, in a greater percentage of males, with DM, higher 
BMI, protein intake, serum albumin levels, serum creatinine 
and phosphorus. Lower IDEG was more likely in females and 
older age patients. DM was associated with 94 % higher risk of 
VO and dialysis vintage >5 years with 67 % higher risk of 
VO. For the IDWG-survival analysis, 8 a priori defi ned incre-
ments of VO were created: seven 0.5 kg increments between 
0.5 and 4.0 kg and the group with IDWG >4 kg. The 1.5–2.0 kg 
group was used as reference. When controlled for demograph-
ics and case-mix covariates, an IDWG >3.0 kg was associated 
with increased risk of death. A-2 consecutive IDWG >4.0 kg 
was associated with 25 % risk of CV mortality and 28 % risk of 
death, but minimal fl uid retention (0.5–1.0 kg) was correlated 
with 26 % higher chance of survival and 23 % lower CV mor-
tality. Mortality risk of higher IDWG (>1.5 kg) was a constant 
fi nding even in subgroup analysis [ 2 ]. 

  High UFR  could induce haemodynamic instability, intra-
dialytic hypotension (IDH) and increased mortality risk 
[ 193 ]. Hypotension during HD and aggressive UFR increase 
the risk for intradialytic recurrent myocardial stunning and 
could determine, over time, irreversible fi brotic changes and 
chronic heart failure, arrhythmias and sudden cardiac death 
[ 194 ]. In 70 prevalent HD patients without severe left ven-
tricular dysfunction, Burton et al. performed serial echocar-
diography during and at 30 min following HD [ 195 ] and 
found in 64 % of the patients, a signifi cant reduction in car-
diac function—the only predictors were the ultrafi ltration 
volume and IDH. Shoji et al. found a 2-year mortality rate 
approximately 8 % higher for patients with intradialytic BP 
<110/59 mmHg [ 196 ] and Tisler et al. observed that patients 
with frequent IDH have a 25 % reduction in life expectancy 
in comparison with hypotension-resistant patients [ 197 ]. 
Agarwal et al. found in 308 HD patients an independent (from 
conventional and non-conventional CV risk factors, UF vol-
ume and rate) prognostic relationship of RPV slopes and 
mortality. Compared to steeper RPV slope, a fl atter RPV 
slope was associated with 1.72 higher hazard of mortality [ 3 ]. 

  Chronic volume overload and survival –  Paniagua et al. 
showed in a prospective multicenter cohort of 753 prevalent 
adult patients on CAPD, APD and HD followed up for 
16 months that, on a multivariate analysis, NT-proBNP lev-
els and ECW/TBW were predictors of both all-cause and 
cardiovascular mortality, independently of dialysis modality 
and the presence of other known clinical and biochemical 
risk factors [ 198 ]. In 2012, Chazot et al. compared 50 
selected (normohydrated) HD patients from Tassin, France 
to 158 patients from Giessen, Germany. The Dutch patients 
were divided into two groups: non-overhydrated (123 
patients) and overhydrated (35 patients). After 6.5 years of 
follow-up, multivariate adjusted all-cause mortality was sig-
nifi cantly increased in the overhydrated group (HR = 3.41), 
suggesting that VO is an important predictor for all-cause 
mortality in HD patients [ 11 ]. Siriopol et al. showed in 96 
HD patients evaluated by three different methods of fl uid sta-
tus assessment (LUS, BIA and echocardiography measure-
ments) the signifi cant prognostic power for survival of 
BL-US performed before the start of HD session. After an 
observation period of 405.5 days, HR for mortality was 
higher in the group with severe lung congestion (UL comets 
>30) compared with the other two groups (HR = 5.03, 
95 % CI: 1.5–16.5). In order to assess the real impact of lung 
water on survival, the investigators controlled in a multivari-
ate Cox model for demographic, echocardiographic and BIA 
factors. LVMI and pre-HD BL-US score were survival pre-
dictors that maintained a statistical signifi cance after adjust-
ment [ 145 ]. 

 A 2014 single-center retrospective analysis of prospec-
tively collected data of 529 PD patients found that OH index 
(OH and OH/ECW) was an independent predictor of mortal-
ity in a multivariate analysis. The 30 % of patients that were 
most severely overhydrated as defi ned by ECW/TBW had 
the highest increased adjusted risk of death = 2.05 (95 % CI: 
1.31–3.22, P < 0.005) [ 192 ]. 

 The impact of VO may be modulated by the impact/
interaction with aldosterone. In a 2013 study, Hung et al. 
aimed to investigate if the association of aldosterone levels 
with mortality is modifi ed by the presence of VO in 328 
HD patients followed for 54 months. The investigators 
found the following: (a) baseline aldosterone was signifi -
cantly lower in the presence of VO than in its absence; (b) 
during follow-up, higher aldosterone levels and VO were 
associated with decreased HR for mortality and cardiovas-
cular events; (c) in contrast, in the absence of VO, higher 
levels of aldosterone were associated with increased risk 
for mortality and cardiovascular events. The authors con-
cluded that the association between aldosterone levels and 
adverse outcomes in HD patients is modulated by the con-
founding effect of VO and that their results support the 
treatment of hyperaldosteronism in HD normovolemic 
patients [ 5 ].   

M.D. Donciu et al.



131

    Volume Overload Treatment: Sodium 
Plays the ‘Leading Role’ 

    Non-renal Patients 

 In non-renal population, the association between salt intake 
or sodium excretion OH, BP and different CV outcomes has 
been extensively studied, although with disparate results, 
depending on multiple factors, such as different characteris-
tics of the included populations, different assessment proto-
cols of salt intake, poor quality of measurement methods of 
urinary Na excretion and various intervention strategies. 

 INTERSALT, a multi-national epidemiological trial, con-
ducted in 10,074 normotensive and hypertensive patients 
across 32 countries, reported that each 2.3 g increase in 24-h 
urinary Na excretion was associated with a 6/3 mmHg 
increase in BP [ 199 ]. Patients included in the PREVEND 
study had a 6 % higher risk of developing HTN for each 
2.3 g increase in salt intake [ 200 ]. The DASH RCT used a 
controlled diet (low on fruits, vegetables and dairy and rich 
on fats) and randomized the participants into three catego-
ries, to a low, medium and high Na intake for 30 days. 
A decrease in Na intake from 3.2 to 2.4 g was associated 
with a SBP reduction of 2.1 mmHg [ 201 ]. The TOHP I and 
II studies found that a decrease of Na intake to 44 mmol/24 h 
and respectively to 33 mmol/24 h is associated with a 25 % 
reduction CV events, suggesting an advantage for a moder-
ate salt reduction in the general population [ 202 ]. These 
results are consistent with the American Heart Association 
(AHA) recommendations [ 203 ]. In addition, reducing Na 
intake in patients experiencing resistant HTN, is associated 
with a decreased SBP and DBP suggesting that a high Na 
intake is an important determinant of resistance to antihyper-
tensive treatment [ 204 ]. Also, the contributing effect of high 
Na intake on arterial stiffness and endothelial vascular func-
tion was reported in several studies [ 200 ,  205 – 208 ]. 

 In contrast to these positive fi ndings, a recent meta- 
analysis of seven clinical trials, aiming to evaluate the effi -
cacy of Na intake reduction on BP and BP-driven hard end 
points, failed to found an association to a reduced CVD risk 
or mortality risk [ 209 ]. More importantly, there is data sup-
porting the ‘U-shaped’ optimum salt intake and the ‘J-shaped’ 
association between 24-h urinary Na excretion and cardio-
vascular events. 

 O’Donnel et al. showed, in a posthoc analysis of the 
ONTARGET and TRANSCEND cohorts, that a higher 24-h 
urinary Na excretion is associated with a higher risk of car-
diovascular events. The cardiovascular mortality risk was 
9.7 % higher with an estimated Na intake of 7–8 g/24 h and 
11.2 % for an estimated Na intake of >8 g/24 h. Nevertheless, 
a paradoxical inverse relationship was found in 12 % of par-
ticipants at an estimated Na urinary excretion of 
<3,000 mg/24 h [ 210 ]. The FinnDiane study, reported as 

well a ‘J-shaped’ relationship between urinary Na excretion 
and cardiovascular events [ 211 ]. An inverse relationship 
between urinary Na excretion and CVD and all-cause mor-
tality was noted in several other studies [ 212 ,  213 ].  

    Pre-dialysis CKD Patients 

 In pre-dialysis CKD patients, excess Na intake – as a risk 
factor determines VO increased BP and proteinuria. 
Therefore, controlling salt intake could account for a simple, 
modifi able measure for reduction of VO, BP and proteinuria, 
the principal conditions leading to CKD progression [ 214 , 
 215 ]. In CKD patients, a Na intake >4.6 g/day, compared to 
patients with a Na intake of <2.3 g/day was associated with 
renal function decline and increased proteinuria [ 216 ]. 
A double-blind placebo RCT determined the effects of mod-
est salt reduction intake on 24-h urinary albumin excretion 
rate and on PWV in 69 patients with mild-untreated HTN, 
followed- up for 6 weeks. The results showed that a 55 mmol 
(3.2 g salt) reduction in Na cf. to placebo determined a sig-
nifi cant decrease in BP, urinary albumin, albumin/creatinine 
ratio and PWV [ 217 ]. 

 In a RCT that enrolled 52 non-diabetic, hypertensive 
CKD patients the effect of Na dietary restriction was com-
pared to angiotensin receptor blockade at maximum dose or 
RAAS dual blockade. The authors concluded that dietary Na 
restriction, as recommended by guidelines, is more effective 
for BP and proteinuria control than the RAAS dual blockade 
[ 218 ]. 

 Reports show that 80–89 % of CKD patients ingest 
>100 mmol Na/day, a higher amount than what the guide-
lines are recommending [ 219 – 222 ]. Thus, the most impor-
tant therapeutic strategy is reducing salt intake, but this is a 
challenging task due to patient’s poor adherence to diet 
restriction and the diffi culty in achieving an unsalted diet, as 
the common western processed food contains high amounts 
of Na [ 215 ,  219 – 221 ]. 

 A very recent RCT aimed to assess the effects of high 
versus low Na intake on ambulatory BP, 24-h protein and 
albumin urinary excretion, fl uid status, renin and aldosterone 
levels and arterial stiffness in 20 stage 3–4 CKD hyperten-
sive patients [ 223 ]. This trial represents, in fact, the fi rst 
phase of the LowSALT CKD study, which is a 6 week 
randomized- crossover trial evaluating the impact of low Na 
intake (60 mmol/day) versus moderate Na intake (180 mmol/
day) on cardiovascular risk factors and renal function decline 
in mild-moderate CKD. The phase II of this trial will assess 
the longer-term effectiveness of Na restriction and will con-
tinue the investigations initiated in phase I, with addition of 
patient-centered outcomes (dietary adherence, quality of life 
and taste assessment) [ 224 ]. The study phase I showed 
 statistically signifi cant and clinically important reductions 
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in: BP (mean reduction of SBP/DBP of 10/4 mmHg), extra-
cellular fl uid volume, albuminuria, and proteinuria when a 
low Na intake was applied. These changes were more 
 pronounced than those observed in patients without CKD, 
suggesting that patients with CKD are particularly salt 
 sensitive [ 223 ]. 

 Beside Na intake, water intake has been previously eval-
uated, in small, underpowered studies, for its relationship to 
cardiovascular outcomes and impact on kidney function 
[ 225 – 228 ]. Palmer et al. investigated in a longitudinal 
cohort study the association between fl uid intake, kidney 
function and long-term mortality [ 229 ]. The study included 
3,858 participants identifi ed from 1992 to 1994 and from 
1999 to 2000 by a door-to-door census of all residents in 
two urban postcode areas. The subjects completed a self-
administered food frequency questionnaire that assessed the 
total fl uid intake from food and other beverages beside 
water; further, participants were divided into quartiles cor-
responding to water consumption, as follows: <2 L/day. 
2.0–2.4, 2.5–3.0 and >3 L/day; each subject participated in 
a detailed medical examination at baseline and during fol-
low-up. The statistical analysis for all-cause and cardiovas-
cular mortality did not found a signifi cant correlation 
between these outcomes and fl uid intake, on a median fol-
low-up period of 13.1 years. A total of 1,127 death were 
recorded with 580 cardiovascular deaths, but the controlled 
analysis for clinical and demographic parameters did not 
found an association between daily fl uid intake and all-
cause mortality per 250 ml/increase [ 229 ]. Also, kidney 
function was evaluated by repeated measurements of serum 
creatinine over a 10-year follow-up period in 1,479 partici-
pants and from these, 1,207 were included for the fi nal anal-
ysis; there was no statistically signifi cant association 
between daily fl uid consumption and changes in GFR [ 229 ]. 
These results do not support the international guidelines 
recommendations of a benefi cial impact for the kidney when 
eight glasses of water/day are consumed [ 230 ].  

    Renal Replacement Therapy Patients 

 Volume control and sodium restriction is associated with 
improved BP values and increased survival rates in dialysis 
patients. Ozkahya et al. in 218 HD patients with a salt restric-
tion diet: mean salt intake 4–5 g/day) and no antihyperten-
sive treatment and a mean follow-up period of 47 ± 34 months 
[ 190 ] showed an improvement in BP values and mortality 
rates. Our group performed recently a RCT in 131 HD 
patients, randomly assigned into two groups (BIA-analyzed 
group and clinical-evaluated group). After a 2.5-year period 
of follow-up, all-cause mortality was signifi cantly lower in 
the BIA group compared to clinical-evaluated group. After 
adjustments for age, gender, CVD, DM, dialysis vintage, 

BMI, SBP, albumin level and relative fl uid overload, the HR 
for mortality in the BIA group was 0.100 (95 % CI: 0.013–
0.805, P = 0.04) compared to the clinical-evaluated group 
[ 109 ]. In 2012 Covic et al. analyzed the existing data sup-
porting the hypothesis that uremic toxins are the principal 
determinants of morbidity and mortality in ESRD patients 
versus salt and VO. The fi nal conclusion, based on recent 
studies, was that volume and salt-intake management are 
accountable for a better BP control, reduction of cardiovas-
cular events and mortality in these patients [ 193 ]. 

 For HD patients, Na balance and ECV control, through an 
established appropriate DW and normotensive status, repre-
sent the most important factor for reducing negative out-
comes. Na balance in HD patients is dependent of Na intake 
and removal by the dialysis procedure. A positive relation-
ship between serum Na (SNa) and elevated BP was described 
in several experimental and clinical settings [ 231 – 233 ]. 
A lower Na intake leads to a reduction in BP and LVH and 
higher Na levels are associated with both elevated BP and 
IDWG [ 190 ,  234 ,  235 ]. 

 A number of proposed strategies were created over time 
for a better control of fl uid status and BP: (1) Na profi lling 
(modelling); (2) Na individualization; (3) UF profi ling; (4) 
different HD techniques. These methods are further analyzed 
in terms of achievability, effi cacy and safety. 

    Na Profi ling ± UF Profi lling 
 The dialysate Na (DNa) prescription is a modifi able, but 
underused parameter for achieving Na balance in HD 
patients. In HD, Na removal is achieved by convection or 
diffusion; under the current practice, approx. 80 % of Na is 
removed by convection and 20 % by diffusion [ 236 ,  237 ]. 
Hypothetically, a regular removal of 1 L of plasma water 
by UF, when a theoretically isotonic Na concentration of 
140 mmol/L is considered in the ultrafi ltrate, could remove 
140 mmol of Na (8 g NaCl consumption for each interdialytic 
day) [ 236 ]. Diffusive Na losses take place across the dia-
lyzer membrane in line with the diffusion gradient between 
plasma and dialysate, whereas the convective Na losses rep-
resents the quantity of Na removed by UF and it depends 
on the prescribed UFR [ 237 ]. Currently, the regular dialy-
sate prescription is based on an isotonic Na level of 135–
145 mmol/L [ 236 ]. Experiments for a better fl uid control in 
HD patients, by altering Na prescription to a higher value 
of DNa concentration (>141 mmol/L) or to a lower value of 
DNa concentration (<137 mmol/L) have been conducted in 
various forms and protocols. Higher DNa prescription deter-
mines a rapid UF and the removal of fl uid excess from the 
interdialyitic period, but, as highlighted by Davenport et al., 
this is not as adequate method to achieve Na balance, as is 
leading to hypernatremia, increased thirst and higher IDWG, 
higher pre- and post-dialysis SBP and an intensifi ed antihy-
pertensive medication [ 237 ,  238 ]. On the other hand, using 
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a low DNa concentration will lead to a rapid decrease in 
plasma osmolality and a hemodynamic instability and intra-
dialytic hypotension [ 239 ,  240 ]. Various studies advocate for 
the benefi ts of using a lower DNa prescription, whereas oth-
ers emphasize the ‘dark sides’ of the complications that arise 
with this method. 

 Na profi ling is a HD method developed to avoid 
hypotension- related discomfort during HD (IHD) by modu-
lating DNa prescription according to pre-established pro-
fi les; it was designed to preserve the advantages of a high 
DNa prescription without its intradialyitic complications 
[ 241 ]. It usually represents the prescription of a high DNa at 
the beginning of the HD session in order to determinate a 
hyponatremic status that will facilitate the water shift from 
the ICV to ECV compartment; during the HD session, DNa 
will be progressively decreased to avoid VO [ 242 ]. Time- 
averaged mean of DNa is associated with intradialytic diffu-
sion Na overload and is generally higher with Na profi ling 
than with a fi xed DNa concentration [ 241 ,  243 ]. 

 UF profi ling is another way to prevent IHD and it repre-
sents the intermittent interruption or progressive reduction of 
UFR in order to promote plasma refi lling. Therefore, during 
the high DNa period, a high UFR could provide an increase 
in plasma tonicity and a higher plasma refi lling; during the 
low DNa period, a low UFR could avoid hypovolemia [ 241 ]. 

 Song et al. conducted a prospective study to determine the 
optimal Na balance by Na profi ling for prevention of IHD 
and to investigate if such an optimal Na profi ling could result 
in HD sessions without Na gain-related complications. In 11 
HD patients, 8 treatment modalities were evaluated: conven-
tional HD (CHD) – control group, Na balance-positive step- 
down profi ling HD (PS), Na balance-neutral step-down 
profi ling HD (NS), Na balance-neutral alternating Na profi l-
ing HD (NA), UF only and PS + UF, NS + UF, NA + UF. Only 
PS, PS + UF, NS + UF and NA + UF had a signifi cant positive 
impact; these were further analyzed in a phase II, random-
ized controlled, 6 weeks, crossover study [ 241 ]. The results 
were: (a) diffusive Na gain was signifi cantly higher with 
both PS and PS + UF; (b) PS and PS + UF increased IDWG; 
(c) PS and PS + UF increased pre-dialysis weight and the 
amount of UF; (d) %UF achieved targetingDW was higher 
with NS + UF and NA + UF; (e) post-dialysis weight as clos-
est to DW was achieved with NS + UF and NA + UF; (f) inci-
dence of excessive weight gain and IHD increased 
signifi cantly with PS. The investigators concluded that 
NS + UF and NA + UF are associated with less Na and weight 
gain, better UF performance, fewer IHD, a hemodynamic 
benefi t and post-dialysis weight closest to DW [ 241 ]. 
DOPPS, an international database of dialysis patients was 
analyzed in an observational study by Hecking et al. respec-
tive to SNa and DNa [ 244 ]. The study found: (a) a higher 
DNa is associated with lower risk of hospitalization, even 
though it was, also, associated with higher IDWG; (b) DNa 

was not associated with mortality, but neither with lower 
SBP values [ 244 ]. The important disadvantages of inade-
quate Na profi ling and the unconfi rmed ‘benefi ts’ of this 
method are detailed elsewhere [ 245 ,  246 ].  

    Na Individualization 
 Na individualization was designed as an improved alterna-
tive for the adverse effects of Na profi ling. It has been 
hypothesized that humans have an individual Na ‘set-point’, 
therefore, whenever there is a Na excess, higher than the 
fl uid intake, SNa will increase above the set-point leading to 
a further fl uid intake [ 69 ,  247 ], especially in HD patients 
where pre-dialysis SNa tends to remain stable over time 
[ 248 ]. Accordingly, if a patient has a positive Na balance 
during HD (dialysis against a higher DNa prescription) that 
individual’s thirst will be stimulated and he/she will drink 
the amount of water necessary to drive the osmolality back to 
its set-point [ 237 ]. As a general concern, lower DNa is con-
sidered a potential determinant of SNa [ 249 ,  250 ]. Data, 
associating a low DNa with mortality, was previously 
reported, so lowering DNa for an alignment of the DNa with 
pre-dialysis SNa has to be pursued with caution [ 249 ,  251 –
 253 ]. Also, Na individualization was associated with better 
surrogate and hard end points, supporting the lowering/tai-
loring of DNa in line with the SNaset-point, rather than using 
a fi xed DNa concentration or DNa modelling [ 103 ,  249 ]. 

 Na individualization method is well described by 
Arramreddy et al.’s case series of 13 patients that were 
switched from CHD to DNa individualization prescription. 
The strategy began with a phase A-stepwise weekly reduc-
tion of the standard DNa (140 Meq/L) by 2–3 mEq/L until 
reaching a Na gradient of −2 mEq/L. The tapering phase 
lasted 4 weeks. The Na gradient was defi ned as difference 
between prescribed DNa and average SNa and average SNa 
was calculated as mean SNa over the preceding 3 months. 
During the intervention period, the DNa was not further 
readjusted in line to monthly SNa levels. Further, on the 
same day that patients reached a −2 mEq/L Na gradient, they 
entered a 4 week-phase B-period during which all patients 
were dialyzed with a Na gradient of -2 mEq/L. Baseline pre-
 HD SNa was 135.3 ± 3.7 mEq/L; in phase A, post-HD SNa 
increased by 1.5 ± 3.7 mEq/L compared to pre-HD SNa. HD 
with an individually reduced DNa, achieving a gradient of 
−2 mEq/L, in phase B did not modify pre-HD SNa. Compared 
to standard DNa, individualized DNa reduced IDWG with-
out signifi cant increase in the frequency of intradialytic 
hypotension or cramps [ 254 ]. 

 Hecking et al. performed two separate investigations on 
DOPPS trial results [ 244 ,  255 ]. In the fi rst one, the investiga-
tors found an association between SNa and DNa and that this 
correlation infl uenced the mortality: DNa >140 mEq/L was 
associated with a trend towards higher mortality in patients 
with SNa ≥140 mEq/L; higher DNa was associated with 
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lower mortality in patients with SNa <137 mEq/L [ 249 , 
 255 ]. In the second study, the analysis revealed: (a) a large 
variability of DNa prescription between centers: 55 % used 
fi xed DNa and 44 % used DNa individualization; (b) in non- 
individualized DNa facilities, higher DNa was associated 
with higher SBP, but with a lower mortality; (c) in individu-
alized DNa facilities, higher DNa was associated with lower 
SBP, but with higher mortality [ 247 ,  249 ]. Nevertheless, it 
should be noted that patients with higher non-individualized 
DNa were younger, lees likely to have DM and had lower 
serum albumin. Also, as in the non-individualized centers, 
DNa was not prescribed in line with patient’ characteristics, 
there is possibility for confounding by indication [ 249 ]. The 
authors concluded that there is rather limited support for 
lowering DNa to control HTN, especially in the view of this 
method’s association with hospitalization risk and mortality 
[ 244 ]. A higher DNa could be benefi cial in some patients but 
detrimental in others [ 249 ]. De Paula et al.’s study, on 37 HD 
patients that received 3 weeks of HD with DNa at 138 mEq/L 
and 3 weeks of HD with DNa individualized according to 
patient’s average pre-dialysis SNa, found that DNa individu-
alization lead to lower SBP in patients with uncontrolled 
HTN, but with no impact on BP in those with controlled BP 
(<150/85 mmHg) [ 256 ]. 

 Sayarlioglu et al. showed that DNa individualization is 
associated with better outcomes in 18 HD patients that under-
went HD with DNa of 135 mEq/L when pre-HD SNa was 
<137 mEq/L and HD with DNa of 137 mEq/l when pre- HD 
SNa was >137 mEq/L. After a follow-up period of 8 weeks, 
lowered DNa was associated with lower pre- and post-HD 
SBP, lower pre-HD DBP, lower IDWG and improved cardio-
vascular parameters (reduction in LV systolic diameter, tri-
cuspid regurgitation, IVC diameter and pulmonary arterial 
pressure) [ 257 ]. Actually, this is the fi rst of the only two stud-
ies that analyzed the relationship between a lower DNa and 
cardiovascular parameters. The second study was performed 
by Kutlugun et al., in 30 HD patients, and showed that endo-
thelial dysfunction, measured by fl ow- mediated dilatation 
(FMD), was signifi cantly higher after using low DNa pre-
scription (137 mEq/L) than after assigned standard DNa 
(143 mEq/L). Lower DNa resulted in a better BP and IDWG 
control, but no improvement in the LVM [ 258 ]. 

 The SOLID trial is a multi-center, prospective, random-
ized, single-blind, controlled parallel 3 years clinical trial 
designed to investigate the impact of a low DNa on cardio-
vascular risk in HD patients. The study protocol was initiated 
after a previous investigation performed by the same group 
that showed a decrease by 4–5 mmHg in SBP and 2–3 mmHg 
in DBP with a 3 mmol decrease in DNa [ 259 ]. The present 
study intends to enroll 118 home HD patients from 6 sites for 
a follow-up period of 12 months; during this time the inter-
vention and control groups will undergo HD with DNa of 
135 and 140 mmol respectively. The primary outcome will 

be LVMI changes with other approximately 11 more second-
ary outcomes [ 240 ].  

    Non-conventional Dialysis Techniques 
 The virtues of more frequent dialysis on improved BP con-
trol, and even on survival are supported by results of small, 
observational cohort studies, as well as larger, RCTs. 
Prolonged dialysis schedules represent a more physiologic 
solute and fl uid removal (a gradual UF) that can be translated 
into an improvement of dialysis adequacy. All of these HD 
methods can be performed in different locations: in-center, 
home-assisted, home and include: Short Daily HD (SDHD) – 
less than 3 h/session, 6 times/week; Long Daily HD 
(LDHD) – >5 h/session, 6 times/week; Nocturnal HD 
(NHD) – 6 to 8 h/session, 3–5 or 6 times/week. 

 In 1983, Charra and the Tassin group were the fi rst to 
report the benefi ts of 3 times/week, 8 h/session, diurnal and 
nocturnal HD, along with reduction of salt intake on volume 
and BP control and survival [ 260 – 262 ]. Consistent with their 
results, similar fi ndings were further provided by different 
studies using the same strategy. Beginning with 1998, stud-
ies performed in patients receiving SDHD or NHD reported 
improved BP, LVH, phosphorus and hemoglobin levels, 
decreased risk of hospitalization and even a better survival 
[ 250 ,  263 – 273 ]. 

   Nocturnal Hemodialysis 
 Nocturnal home HD (NHHD) is associated with better 
outcomes, as shown in several observational, prospective 
studies and in RCTs: increased hemoglobin levels, 
reduced cardiovascular hospitalization and improved 
OSA [ 274 – 279 ]. 

 In 2009, Johansen et al. used United States Renal Data 
System (USRDS) database to investigate, in a cohort study, 
the hospitalization and mortality rates in patients from vari-
ous centers that used NHD for at least 60 days, comparing 
these outcomes with characteristic-matched patients on 
CHD. NHD was associated with signifi cant reduction in 
mortality risk and risk for major morbid events [ 275 ]. 

 Ok et al. performed in 2011 a prospective controlled study 
in 247 CHD patients and 247 ICNHD. Overall mortality 
rates were 1.77 % in ICNHD and 6.23 in CHD group/100 
patient-years, after a mean 11.3 ± 4.7 months of follow-up. 
ICNHD was associated with 72 % risk reduction for mortal-
ity, decreased LV and LVMI end-diastolic diameters, 
improved cognitive function, lower serum phosphate and 
lower usage of phosphate binders [ 274 ]. 

 The randomized controlled studies performed by Culleton 
et al. in 2007 and Rocco et al. in 2011 found confl icting 
results. Thus, Culleton et al. performed a 2-group, parallel 
RCT to compare the effects of frequent NHD (6 times/week) 
versus CHD on LVM and health related quality of life, for a 
6 months follow-up period. Frequent NHD: signifi cantly 
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improved mean LVM, was associated with improvements 
only in selected kidney-specifi c domains of quality of life 
and a better control of SBP and mineral metabolism [ 250 ]. 
However, the Frequent Hemodialysis Network Nocturnal 
Trial (Nocturnal FHN), which randomized 45 patients in the 
frequent NHD arm and 42 in CHD arm, failed to demon-
strate a clear superiority of this method. NHD determined a 
1.82-fold higher mean weekly stdKt/V urea , a 1.74-gold higher 
average number of treatments/week, no signifi cantly effect 
on LVM or mortality and a positive impact on HTN and 
hyperphosphatemia [ 276 ]. 

 Nevertheless, there are also downsides reported respec-
tive to the NHD method: detrimental factors such as fear of 
self-cannulation, lack of confi dence in conducting an ade-
quate dialysis session, fear of possible complications and 
burden on family members were found in 56 patients that 
completed a survey [ 280 ].  

   Frequent Daily Hemodialysis 
 Kjellstrand et al. conducted in 2008 a survival statistical 
analysis of 415 patients treated by SDHD in 5 centers for a 
period of 23 years. 150/415 patients were treated in-center 
and 265/415 by home or self-care HD. The results showed a 
5-year cumulative survival of 68 ± 4.1 % and a 10-year sur-
vival of 42 ± 9 %. Frequency of HD (5, 6 or 7 times/week) 
was not associated with mortality. The survival of patients on 
SDHD was 2–3 times better than that of matched CHD 
patients [ 263 ]. Johansen et al., in the same cohort study using 
USRDS database patients, showed for SDHD patients only a 
non-signifi cant reduction in the risk of death compared to 
CHD [ 275 ]. In line with Johansen et al.’s report, Suri et al., 
found, in a multinational cohort study, that in-center daily 
HD did not improve the mortality rates. The study comprised 
in 318 patients from the International Quotidian Dialysis 
Registry that received >5 times/week daily HD and that were 
matched to 575 CHD-treated patients [ 281 ]. 

 The effects of SDHD versus CHD, on LVH and infl am-
matory status, were investigated by Ayus et al. in a non- 
randomized, controlled trial. The study enrolled 26 SDHD 
(3 h/session, 6 times/week) patients and 51 matched CHD, 
for a 12 months follow-up period. After adjustments for 
cofounding factors, SDHD was associated with 30 % 
decrease in LVMI, improved fl uid, phosphorus and infl am-
matory parameters control in comparison to CHD [ 282 ]. 
However, discordant results were found by the Daily FHN 
Trial: frequent daily HD (6 times/week) resulted into a sig-
nifi cantly improved weekly stdKt/V urea , improved control of 
HTN, hyperphosphatemia and signifi cant benefi ts regarding 
LVM and mortality, even though the patients were more 
prone to vascular access-complications [ 283 ]. 

 The FREEDOM study is a cohort matched pair study that 
will include approximately 500 HD patients from 70 centers 
trying to evaluate the benefi ts of home daily HD (DHD) – 6 

times/week. The control group will consist of a matched 
CHD cohort derived from the US Renal Data System data-
base using a 10:1 ratio, totaling 5,000 patients. The primary 
outcome is an analysis that compares hospitalization days/
patient-year between the DHD and CHD groups. Other out-
comes will include: non-treatment-related medical expendi-
tures in both groups and, in addition, in the DHD cohort, 
changes in quality-of-life measures (baseline, 4 and 
12 months, and every 6 months thereafter), urea kinetics, 
parameters related to anemia, bone and mineral metabolism, 
and nutrition, vascular access interventions, and medication 
will be examined. The follow-up period is at least 1 year 
[ 284 ]. An interim report of this study, in 128 patients, showed 
that DHD is associated with long-term improvement in 
depressive symptoms and post-dialysis recovery time [ 285 ] 
and another one, performed in 154 patients, demonstrates 
that DHD improves physical wellbeing, assessed by Health 
Related Quality of Life measurements [ 286 ].   

    Residual Renal Function 
 A major concern with all of these techniques remains 
whether they are helpful for preservation of residual renal 
function (RRF). RRF is increasingly becoming an important 
parameter for nephrologists and one of the major goals in the 
management of RRT patients. Jansen et al. showed in 279 
incident HD patients and 243 PD patients that predictors for 
RRF decline are elevated DBP and higher proteinuria, dialy-
sis hypotension and dehydration [ 287 ]. It has been also dem-
onstrated that PD patients present, in general, a slower 
decline of RRF than patients on HD, maybe due to a more 
‘natural’ fl uid removal and fewer hypotension episodes 
[ 287 – 290 ]. It was found, in PD patients, that for every 1 ml/
min increase in RRF there is a 50 % decrease in the risk of 
death; also, an analysis of the CANUSA study showed that a 
250 ml increase in daily diuresis in associated with a 36 % 
reduction in mortality, suggesting, by expressing the RRF as 
urinary output, that a fl uid control is more important than 
solute clearance [ 291 – 294 ]. Preserving RRF is associated 
with better fl uid control and a more liberal fl uid intake, main-
tained endocrine function, secretion of organic acids and a 
better dialysis adequacy [ 287 ]. RRF loss was associated with 
mortality, LVH, arterial stiffness and other ESRD complica-
tions [ 291 ,  293 ,  295 – 299 ]. 

 An optimal management for preservation of RRF has not 
been yet determined since renal function decline appears 
both in dehydration and overhydration. Thus, some nephrol-
ogists are in favor of maintaining patients ‘wet’, whereas 
others prefer the patients ‘dry’. Hypovolemia and hypoten-
sion are known factors to induce loss of RRF, especially in 
PD patients [ 295 ,  296 ,  300 ], but so are overhydration- 
associated HTN and LVH [ 287 ]. Gunal et al. showed that 
controlling fl uid status, by salt restriction and increased 
UFR, led to 2.8 kg weight loss and a 28 % reduction in urine 
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output [ 301 ]. McCafferty et al. failed to demonstrate in PD 
patients that a better preservation of RRF is achieved with 
overhydration status [ 293 ]. 

 As mentioned before, PD patients seem to preserve RRF 
for a longer time than HD patients, implying therefore that 
loss of RRF could be also determined by HD technique- 
related factors. Daugirdas et al. conducted recently an analy-
sis of FHN studies to investigate if frequent HD could result 
in a more rapid decline of RRF, compared to CHD. They 
found that in both of FHN trials, baseline RRF was inversely 
associated with dialysis vintage. Frequent HD participants 
from these trials, with a percentage of RRF at baseline, suf-
fered a signifi cant progressive loss of RRF at the end of fol-
low- up period: at 12 months, in the Nocturnal FHN, 67 % of 
patients had zero urine output in comparison to 36 % in CHD 
group and in Daily FHN, the method of treatment did not had 
a signifi cant impact. The authors concluded that frequent 
NHD appearsto promote, by undetermined mechanisms, 
a more rapid loss of RRF [ 302 ].       
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