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 Introduction 

 Despite many technological advances in hemodialysis 
therapy, the management and optimization of fluid status 
remains a major challenge in the field of renal replace-
ment therapy  [1] . Fluid overload (FO)-related hospital-
izations are high  [2]  and it has been shown that patients 
who present long-term FO suffer from increased mortal-
ity  [3] . A multicenter study in eight European dialysis 
centers has revealed that 25% of all patients are volume 
overloaded  [4] .

  Fluid management comprises two main aspects: (i) the 
short-term (intradialytic) preservation of blood volume 
to avoid hypotensive episodes, and (ii) the long-term 
maintenance of fluid status below a critical level beyond 
which cardiovascular damage may occur.

  Usually, patients with high FO tend to be more stable 
during the treatment because of increased vascular refill-
ing  [5, 6] . Some patients, however, may present high FO 
but still suffer from intradialytic episodes, possibly due to 
cardiac impairment, antihypertensive medication or oth-
er factors degrading vascular refilling  [7] . It has been pro-
posed that careful long-term fluid reduction in these pa-
tients may improve their cardiac status and subsequently 
lead to more intradialytic stability  [4] .
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 Abstract 

  Background/Aims:  This study investigates the use of blood 
volume monitoring (BVM) markers for the assessment of 
fluid status.  Methods:  Predialysis fluid overload (FO) and 
BVM data were collected in 55 chronic hemodialysis pa-
tients in 317 treatments. Predialysis FO was measured us-
ing bioimpedance spectroscopy. The slope of the intravas-
cular volume decrease over time normalized by ultrafiltra-
tion rate (Slope4h) was used as the primary BVM marker 
and compared against FO.  Results:  Average relative blood 
volume curves were well separated in different FO groups 
between 0 and 5 liters. Receiver-operating characteristics 
analysis revealed that the sensitivity of BVM was moderate 
in median FO ranges between 1 and 3 liters (AUC 0.60–
0.65), slightly higher for volume depletion of FO <1 liter 
(AUC 0.7) and highest for excess fluid of FO >3 liters (AUC 
0.85).  Conclusion : Devices that monitor blood volume are 
well suited to detect high FO, but are not as sensitive at 
moderate or low levels of fluid status. 
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  Blood or plasma volume monitoring was originally in-
troduced as a tool to deal with the first aspect, i.e. to reduce 
intradialytic morbid events by controlling the ultrafiltra-
tion rate (UFR). Recently however, its utility for fluid sta-
tus assessment has come more into focus  [8–11] . Some 
authors have proposed to categorize patients’ fluid status 
by the shape of their intradialytic blood volume reduction 
or postdialytic volume rebound curves  [12–15] . Others 
have developed quantitative markers based on blood vol-
ume monitoring (BVM) to assess fluid status  [11, 16] .

  Even though relationships with other clinical signs 
linked to fluid status like blood pressure (BP) or inferior 
caval vein diameter were found, concerns were raised 
about the high intraindividual variations  [17, 18] . More-
over, it has been reported that BVM markers allowed de-
tecting excess fluid but not depletion  [16] , suggesting that 
BVM markers may not have the same sensitivity over a 
wide range of FO. Finally, calibration of the markers against 
an absolute level of FO measured in liters is still lacking.

  It is the aim of this work to investigate the aforemen-
tioned points by using a quantitative measure of FO based 
on bioimpedance spectroscopy as a reference.

  Methods 

 Study Design 
 Fifty-five clinically stable hemodialysis patients were selected 

in this observational cross-sectional study in March 2011 in the 
Hospital Clinic Barcelona (Spain). All patients underwent stan-
dard 4–5 h online HDF treatments on Fresenius 5008 machines. 
The UFR was kept constant within most treatments. Each patient 
was followed up over 7 consecutive treatments. BVM was per-
formed during each of the seven treatments using a Fresenius 
blood volume monitor which provided relative blood volume 
(RBV) curves. FO was measured once in each patient. Pre- and 
postdialysis body weights were collected and systolic BP (SBP) 
and diastolic BP (DBP) were measured before and after dialysis. 
All data (including dialysis machine data such as ultrafiltration 
volume (UFV)) were stored in a database (Therapy Monitor and 
NefroLink; Fresenius Medical Care, Germany) for later analysis. 
Intradialytic BVM data was stored at a rate of one sample per min-
ute.

  Measurement of Fluid Overload 
 FO was determined before cannulation using a bioimpedance 

spectroscopy device (BCM body composition monitor; Fresenius 
Medical Care). The device measures whole-body bioimpedance 
over a frequency range from 5 kHz to 1 MHz, and determines ex-
tracellular and total body water resistance by means of Cole mod-
eling  [19] . Unlike single- or mono-frequency devices, the BCM 
determines extra- and intracellular water volumes independently 
of each other, and it calculates FO independently of body composi-
tion by using the Chamney model which takes into account differ-
ences in adipose and lean tissue hydration  [20] . FO is defined in 

this context as excess extracellular water. The device has been val-
idated against dilution reference methods  [21] , dual-energy x-ray 
absorptiometry and the Fuller 4C model  [22]  in healthy subjects, 
dialysis patients, liver cirrhosis and palliative cancer patients. The 
difference between pre- and postdialysis measured FO corre-
sponded very well with the removed UFV (mean paired difference 
0.02 liter); a complete validation overview has been published else-
where  [23] .

  None of the patients had been measured with the BCM before, 
and the clinical staff was blinded to the BCM results in order not 
to influence UFV. FO was measured once in each patient. In order 
to increase the number of FO values, FO was additionally estimat-
ed on the three consecutive treatments before and after the BCM 
measurement day, using differences in preweight according to the 
following equation:

  FO estimation  =  FO BCM_day  + preweight estimation_day  – 
 preweight BCM_day 

  This approach assumes that treatment-to-treatment changes in 
preweight over no more than a few days reflect mainly changes in 
FO, and that body composition remains stable within this short 
time period.

  Definition of Volume Markers 
 An overview of the different volume markers is provided in 

 table 1 . Three markers based on BVM were used: (1) the Slope4h 
which was defined as the linear slope of the RBV decrease over the 
whole treatment, normalized by UFR [%/h/(l/h)]; (2) RBV in [%] 
that was reached at the end of the treatment, and (3) volume index, 
defined as the RBV slope over the full treatment and normalized 
by UFR over postweight (ΔRBV/h/(UFR/postweight)) as pro-
posed by Agarwal et al.  [16] .

  Data Analysis 
 Slopes were determined by means of robust iterative weighted 

least squares regression as provided by the statistical software in 
order to attenuate the effect of outliers on the results. Receiver-
operating characteristic (ROC) curves were used to assess the dis-
crimination abilities of a marker. They depict the true-positive rate 
over the false-negative rate. A ROC curve on the identity line in-
dicates a completely random assignment, while a curve that quick-
ly rises to >90% and stays there for increasing false-negative rates 
indicates very good classification ability. ROC curves for the vol-
ume markers were determined for different cutoff values of FO, 
including area under the ROC curve (AUC) as a measure of dis-
criminatory power and their 95% confidence intervals (CI). AUC 
confidence intervals were determined by bootstrapping, using 
5,000 iterations for each AUC value. All analyses were performed 
using Matlab R2011a.

  Results 

 Patient characteristics are listed in  table 2 . Each of the 
55 patients was measured over a 7-treatment observation 
period, giving a total number of 55 × 7 = 385 treatments. 
BVM readings were available in 317 of 385 treatments. 
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The UFR was kept constant in 89% of these 317 measure-
ments; in the remaining 11%, UFR was either changed 
manually during the treatment or BVM feedback control 
was activated. The UFR in these treatments was averaged 
over the complete treatment.

  Subgroup Analysis 
 Subgroup analysis was performed including only 

treatments within the interquartile UFR range (25th to 

75th percentile, corresponding to 400–675 ml/h, n = 164), 
in order to become independent of the effects of extreme 
UFRs on blood volume.

  RBV Curves Grouped by Fluid Overload 
  Figure 1  depicts average RBV curves grouped by six 

different FO levels between 0 and 5 liters ( table 3 ). Only 
treatments with a treatment time >245 min (correspond-
ing to the 10th percentile of treatment times) and UFR in 

Table 1. Overview of different volume markers and their correlations with fluid overload (FO)

Volume marker
unit

Description/definition Correlation with FO
(all data, n = 317)

Correlation with FO
(UFR between 400 and
675 ml/h, n = 164)

FO, l Fluid overload from bioimpedance spectroscopy n.a. n.a.
Slope4h, %/h/l/h Linear slope of the RBV over the full

treatment normalized by UFR
R = 0.33 (p < 0.001) R = 0.52 (p < 0.001)

RBVend, % RBV value at treatment end R = 0.30 (p < 0.001) R = 0.43 (p < 0.001)
Volume index
%/h/ml/h/kg

RBV slope over full treatment normalized by UFR 
over postweight, ΔRBV/h/(UFR/postweight)

R = 0.28 (p < 0.001) R = 0.50 (p < 0.001)

UFV, l Ultrafiltration volume R = 0.18 (p = 0.002) R = 0.19 (p = 0.014)
SBP, mm Hg Pre-dialysis SBP R = 0.36 (p < 0.001) R = 0.39 (p < 0.001)

Table 2.  Patient characteristics (n = 55 patients, 317 treatments)

Characteristics Mean ± SD

Age, years 63±13
Dialysis vintage, months 76±93
Males/females 37/18
Height, cm 166±10
Diabetes mellitus, patients, n (%) 15 (27)
Weight before HD, kg 71.9±15.0
Weight after HD, kg 69.5±14.8
BMI before dialysis, kg/m2 26.0±3.6
UF volume, l 2.77±0.98
UF rate, ml/h 568±205
Treatment duration, min 295±35
SBP before HD, mm Hg 132±28
DBP before HD, mm Hg 63±17
SBP after HD, mm Hg 129±26
DBP after HD, mm Hg 61±17
Fluid overload before HD, l 2.3±1.9
Fluid overload after HD, l –0.5±2.0
Extracellular volume, l 16.2±3.5
Intracellular volume, l 16.1±3.4
Antihypertensive medications, n 0.87±1.04
Albumin, g/l 37.3±3.8
Hb, g/dl 10.7±1.3
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   Fig. 1.  RBV curves at different levels of predialysis FO. Only treat-
ments with a UFR between the 25th and 75th percentile (400–675 
ml/h) and treatment time >10th percentile (>245 min) were in-
cluded. The RBV curves were cut at 245 min to ensure that every 
minute had the same number of averages. In 20 of these 146 mea-
surements, UFR was not constant (either UFR control on, or 
change during treatment).  
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the interquartile range as described above were included 
(n = 148).  Table 3  shows that average UFVs and UFRs 
were comparable in all six FO groups. Every patient con-
tributed no more than once to each of the six curves in 
the diagram. If a patient had more than one RBV curve 
in one of the FO groups which was the case in most pa-
tients, then these RBV curves were averaged individually 
before being assigned to the respective group average. 
This procedure ensured that all patients had the same rel-
ative contribution to the average RBV curves. The num-
ber of treatments that each patient contributed is sum-
marized in  table 3 . RBV curves were steep for low FO and 
became flatter with increasing FO. Predialysis SBP steadi-
ly increased with FO (from 113 mm Hg in the 0-liter 
group to 153 mm Hg in the 5-liter group).

  Volume Marker Sensitivity 
  Figure 2  shows ROC curves for three different FO cut-

off values (2, 3, and 4 liters), using the Slope4h marker as 
the continuous variable (n = 317). The AUC to predict FO 
was 0.63, 0.69, and 0.84 for FO >2, 3, and 4 liters, respec-
tively. The best discriminatory power was therefore 
achieved for FO >4 liters.

   Figure 3  shows the AUCs for the Slope4h marker to-
gether with the corresponding 95% CI for all data. The 
AUC curve had the shape of a bathtub, with lowest values 
between 1.5 and 2.5 liters, and increasing to both lower 
and higher FO levels. The highest AUC values were 
achieved at FO levels >4 liters, indicating better perfor-

mance of the Slope4h marker in detecting high FO. The 
subgroup analysis revealed even higher AUC levels (up 
to 0.90) when compared with the complete dataset.

  Correlations between Volume Markers and Fluid 
Overload 
 The correlations between the different volume mark-

ers and FO are listed in  table 1 . The strongest correlation 
was found in Slope4h, both in all data and the subgroup 
analysis (R = 0.33 and 0.52, respectively). The correla-
tion between SBP and Slope4h was R = 0.14 (p = 0.02) 
for all data, and R = 0.27 (p = 0.001) in the subgroup 
analysis.

  The average RBV drop was slightly lower in diabetic 
patients than in non-diabetics (RBV end  = 90 vs. 88%, re-
spectively, p = 0.048). FO was about 1 liter higher in dia-
betic patients.

  Discussion 

 BVM is used mostly to assess intradialytic vascular 
depletion due to extensive ultrafiltration in order to 
avoid hypotensive episodes. This work concentrates on 
a different aspect – the use of BVM for fluid status as-
sessment.

  We found that (i) BV monitoring appears well suited 
for an overall qualitative fluid status assessment in patient 

Table 3.  Data overview to figure 1 (RBV curves at different FO levels)

 FO group, l
–0.5 to 0.5 0.5 to 1.5 1.5 to 2.5 2.5 to 3.5 3.5 to 4.5 4.5 to 5.5

Patients, n 7 11 15 16 7 4
Treatments, n 23 32 35 31 17 10
UFV, l 2.7±0.5 2.6±0.4 2.6±0.4 2.7±0.3 2.9±0.3 2.6±0.3
UFR, ml/h 545±82 532±79 538±77 555±69 567±61 511±57
UFR index, ml/h/kg 8.2±2.0 7.8±1.8 8.2±2.1 9.3±2.5 8.1±1.4 6.9±1.1
SBP before HD, mm Hg 113±25 124±17 131±33 140±27 140±20 153±15
DBP before HD, mm Hg 61±18 61±12 56±15 66±17 64±18 62±6
RBV slope full treatment, %/h –2.1 –1.6 –1.0 –1.2 –0.6 –0.3
RBV slope first 30 min, %/h –6.0 –6.0 –7.6 –4.8 –6.0 –1.2
RBV slope last 30 min, %/h –3.8 –2.5 –2.2 –2.2 –0.8 –1.2
RBV% at 260 min, % 88.0±4.8 90.4±3.9 91.0±4.7 92.5±4.9 94.0±3.2 97.7±5.4
Slope 4 h, %/h/l/h –3.9±0.6 –3.0±0.4 –1.9±0.4 –2.2±0.3 –1.0±0.1 –0.6±0.1
Volume index, %/h/ml/h/kg –0.27±0.06 –0.22±0.07 –0.14±0.04 –0.14±0.04 –0.08±0.01 –0.05±0.01

Only treatments with a UF rate between the 25th and 75th percentile (400–675 ml/h) and treatment time >10th percentile (>245 
min) were included.

D
ow

nloaded from
 http://w

w
w

.karger.com
/bpu/article-pdf/35/1-3/202/2288643/000346630.pdf by guest on 25 April 2024

http://dx.doi.org/10.1159%2F000346630


 Maduell/Arias/Massó/Fontseré/Carrera/
Vera/Cases/Campistol   

Blood Purif 2013;35:202–208
DOI: 10.1159/000346630

206

groups, but suffers from a high variability on the indi-
vidual level, and (ii) the sensitivity of BVM markers over 
a wide FO range has the shape of a bathtub, being moder-
ate in middle FO ranges between about 1 and 3 liters, 
slightly better in low fluid status <1 liter, and best in de-
tecting high FO >3–4 liters.

  Relationship between Blood Volume Changes and 
Fluid Overload 
 BVM assesses the balance between refilling and UFR 

in respect to the absolute blood volume. FO is one of 
many factors influencing this relationship. It has often 
been reported that flat RBV curves are a sign of excessive 
FO  [6, 8, 9, 11] . According to Guyton and Hall  [24] , 
about two thirds of FO contribute to the interstitial space, 
and the remaining third contributes to the blood volume. 
Both effects result in a flatter RBV curve: firstly, intersti-
tial FO provides a fluid reservoir that facilitates refilling 
from the interstitial to the vascular space and secondly, a 
1-liter decrease in blood volume will lead to a smaller 
relative change if the absolute blood volume is higher.

  The correlation that we found between Slope4h and 
FO (R 2  = 0.11) indicates that only 11% of the variability 
of the BVM marker can be explained by FO. The ex-
plained variability increases to 27% in a subgroup analy-
sis where we used only treatments with comparable 
UFRs. The remaining variability is likely to be caused by 
non-FO-related effects like individual differences in ab-
solute blood volume, albumin levels, fluid shifts induced 

by postural changes or the mixing of blood from differ-
ent vascular beds and different hematocrit levels 
(Fåhræus-Lindqvist effect). It is obvious that these limi-
tations are independent of the measurement technique 
used by different manufacturers (e.g. optical or ultra-
sound based), and that the results apply to all devices 
measuring on the extracorporeal blood line. Other mark-
ers like the slopes of the first and last 30 min of the treat-
ments were not as well correlated with FO as the slope 
over the complete treatment. Predialysis SBP was a good 
marker of FO in all data, but did not further improve in 
the subgroup analysis. The finding that BP correlated 
well with FO raises questions about the effectiveness of 
antihypertensive medication. Normalizing FO may be 
an important alternative to antihypertensive drugs in a 
significant number of patients. Even though the indi-
vidual variability is high,  figure 1  demonstrates that av-
erage RBV curves of many treatments and patients are 
well linked to predialysis FO. The lower the FO, the 
more pronounced was the RBV curve decrease. Interest-
ingly, the groups 1–4 liters are relatively close together, 
while 0 and 5 liters have a greater distance to the other 
curves. It also appears that the 0-liter group, after almost 
plateauing at 150 min, continues to drop steeply towards 
the end of the treatment, indicating a more rapid deple-
tion of blood volume as compared to the other groups. 
Mitra et al.  [25]  have related the transition from an RBV 
plateau into an RBV drop to depletion of interstitial flu-
id space when dry weight has been reached. In this situ-
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   Fig. 2.  ROC curves for three different FO cutoff values (2, 3, and 4 
liters), using the Slope4h marker as the continuous variable.  
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ation, refilling is no longer sufficient to maintain con-
stant blood volume.

  The fact that the 5-liter curve is well separated from the 
other curves indicates that a flat curve is indeed a rather 
reliable indicator of excessive FO. Dasselaar et al.  [26]  
noted that RBV curves normalized by UFR were flatter 
during the first session of the week as compared to the 
second and third sessions, which is consistent with our 
results assuming FO levels are higher after the long inter-
dialytic interval. FO levels were also higher in the sub-
group of diabetic patients, which is probably the reason 
why they presented slightly less average RBV drop than 
non-diabetics, even though their average UFR was about 
15% higher.

  Sensitivity of BVM Markers for Fluid Status 
Assessment 
 In order to assess the sensitivity of BVM markers for 

identifying different FO levels, we performed a ROC anal-
ysis for three different FO cutoff levels (2, 3, and 4 liters), 
as shown in  figure 2 . The largest AUC is reached for the 
4-liter cutoff, demonstrating that the Slope4h marker is 
well suited to discriminate between FO levels >4 and <4 
liters, irrespective of UFR. The ROC curve for the 2-liter 
cutoff is much lower, indicating less performance for the 
assessment of moderate FO.  Figure 3  provides a more de-
tailed insight into the sensitivity over a wide FO range. 
The sensitivity rises strongly for FO levels >3 liters, a result 
which is in accordance with the findings of Agarwal et al. 
 [16]  who were able to detect excess fluid but not depletion 
when compared against echocardiographic markers of 
volume status. The Slope4h sensitivity in  figure 3  increas-
es also at low FO levels, but not as strongly as compared 
to excess volume. One may speculate that the sensitivity 

would further increase at more negative predialysis FO 
levels, but in our study –0.1 liter represented the lower 
10th percentile of predialysis FO, thus not enough data 
was available to prove this hypothesis.

  Limitations 
 Our patients had a relatively constant intraindividual 

predialysis FO over the seven treatments, therefore we 
could not demonstrate the effect of within-patient differ-
ences in predialysis fluid status on RBV slopes. Further-
more, we performed only one real FO measurement per 
patient. Additional FO values were calculated from pre-
weight differences which may have added additional vari-
ability to the results arising for example from clothing 
differences. This would potentially underestimate the 
true correlation between FO and PV markers, but not 
change the general finding of different sensitivity ranges. 
Finally, given the retrospective nature of our investiga-
tion, it is not possible to extrapolate these findings to the 
general dialysis population. Further studies are needed 
which isolate the effect of FO on PV reduction by pro-
spectively controlling factors that influence refilling (e.g. 
UFR or albumin). These studies should also compare dif-
ferent predialysis FO levels in the same patient, e.g. by 
measuring treatments after the long and short interdia-
lytic interval.

  Conclusion 

 BVM may assist fluid management in hemodialysis 
patients by identifying states of volume excess or deple-
tion, but its utility for fine tuning at normal or moderate 
FO levels is questionable. 
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