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ABSTRACT

Background. Transcellular fluid shifts during dialysis treatment could be related to the frequency and severity of intradialytic
hypotension (IDH). We investigated that (i) in addition to ultrafiltration, extracellular fluid (ECF) is further depleted by
transcellular fluid shifts and (ii) changes in intracellular fluid (ICF), which have been overlooked so far, or if they were
considered, are not understood, might be due to these fluid shifts.

Methods. Thirty-six patients were categorized as haemodynamically stable, asymptomatic IDH or unstable (symptomatic
IDH) according to their changes in systolic blood pressure and associated clinical symptoms. Their intradialytic changes in
body fluids were studied using bioimpedance spectroscopy measurements and compared among groups.

Results. For IDH-prone patients, data showed a rapid drop in ECF that was more than expected from the ultrafiltration rate
(UFR) profile and was associated with a significant increase in ICF (P =0.001). Study of accumulative loss profiles of ECF
revealed a loss in ECF up to 300 ml, more than that predicted from UFR for unstable patients.

Conclusions. The considerable discrepancy between the expected and measured loss in ECF might provide evidence of
transcellular fluid shifts possibly induced by changes in plasma osmolarity due to haemodialysis. Moreover, the results
suggest a pattern of fluid removal in IDH-prone patients that significantly differs from that in haemodynamically stable
patients.
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INTRODUCTION

Despite continuous advances in dialysis technologies, intradia-
lytic hypotension (IDH) remains a frequent complication of hae-
modialysis (HD). It is defined as a symptomatic drop in systolic
blood pressure (SysBP) of >20 mmHg. The main underlying fac-
tors behind IDH are volume depletion induced by rapid removal
of plasma volume with an ultrafiltration rate (UFR) higher than
the plasma-refilling rate, as well as impaired compensatory
mechanisms [1]. IDH has been associated with many different
clinical events, such as discomfort, reduced treatment effi-
ciency and increased risk of mortality [2].

Transcellular fluid shifts may also take place during HD
treatment as a part of the fluid redistribution process and could
be associated with dialysis-related complications. These fluid
shifts may be induced by the rapid removal of osmotically ac-
tive substances from the plasma compartment, combined with
slow re-equilibration from the intracellular (IC) compartment.
Many investigators have suggested that elevated plasma osmo-
larity may enhance the plasma refilling rate and thus provide
better tolerance to variations in BP in some patients [3, 4]. On
the other hand, a reduction in osmotic pressure between the ex-
tracellular (EC) and the IC compartment may induce a fluid shift
in the opposite direction, towards the IC, causing further deple-
tion of the EC volume and, thus, an additional drop in SysBP.
Therefore, understanding the dynamics of these fluid shifts is
important and tools are required to allow continuous monitor-
ing of these fluid shifts during HD.

Using bioimpedance spectroscopy (BIS) techniques, namely
the sum of segmental BIS (sBIS) [5, 6], this pilot study aims to in-
vestigate the relationship between the IDH and these fluid
shifts. The underlying hypothesis is: (i) IDH might be also in-
duced by transcellular fluid shifts during HD that can be moni-
tored on the basis of estimated changes in both total-body
extracellular fluid (ECF) and intracellular fluid (ICF) and (ii)
changes in ICF, which have usually not been considered so far
for the application of BIS during HD, or if they have, are not un-
derstood, are possibly induced by these fluid shifts into the IC
compartment. This shall be achieved by analysing the BIS data
using different volumetric ratios to explore the relationship be-
tween measured reduction in ECF and the applied UFR profile
while looking for considerable intergroup discrepancies.

MATERIALS AND METHODS
Subjects

Thirty-six patients with end-stage renal disease undergoing HD
(4h) were studied at the dialysis unit of the Department of
Nephrology, RWTH Aachen University Hospital. Dialysate fluid
was adjusted to the patient’s requirements with a mean compo-
sition of 138 mmol/L sodium, 2.26 +0.51mmol/L potassium,
1.25mmol/L calcium and 5.5mmol/L glucose. Bicarbonate
(BiBag, Fresenius) was used as a dialysate buffer. The UFR was
kept fixed during the treatment at 598 + 323 mL/h, unless medi-
cal intervention was required. Prior to each treatment, the
patient’s weight, height and the length and circumference of
each body segment (i.e. arm, trunk and leg) were measured.
Patients with human immunodeficiency viruses (HIV) or hepati-
tis virus C infection, pregnancy, pacemakers, amputation of a
limb and/or who received a blood transfusion within a week be-
fore the measurement were excluded from this study. The
study protocol was approved by the local Medical Ethics com-
mittee and all patients provided written informed consent [EK

No.: EK 081-08 (Ethics Committee at the RWTH Aachen
University, Faculty of Medicine)].

Measurement methodology

Using a commercial bioimpedance device (Xitron Hydra 4200,
Xitron Technologies Inc., San Diego, CA, USA), sBIS measure-
ments were performed with a total of six standard hydrogel-al-
uminium BIS electrodes. Four electrodes (two for current
injection and two for voltage sensing) were located distally at
the wrist and ankle, while another two sensing voltage electro-
des were located at the top of the shoulder (acromion) and at
the hip (anterior superior iliac spine) as shown in Figure 1a. All
electrodes were placed on the non-vascular access side of the
patient. Impedance data for leg, trunk and arm were recorded
sequentially by manually changing the voltage measurements
between each pair of the sensing electrodes. The duration of
measurement for each segment was about 20s. Segmental ex-
tracellular resistance (R.s) and intracellular resistance (Rjg)
were extracted by fitting the measured impedance data to the
Cole model [7]. Accordingly, segmental fluid volumes of the arm,
leg and trunk were then estimated and used to obtain the total
body ECF and ICF as described elsewhere [8-10]. Total body extra-
cellular resistance (R.) and intracellular resistance (R;) were
obtained as the sum of all body segmental Res and R;g, respec-
tively. Fluid overload (FO) was calculated according to Chamney
et al. [11]. All measurements were recorded every 30min in su-
pine position throughout the dialysis treatment from start to fin-
ish. An angle of ~30° was always maintained between the
patient’s legs, and also between the patient’s arms and the trunk.
Consumption of food and beverages was prohibited during the
treatment. Haematocrit (Hct), blood pH, plasma electrolytes and
glucose concentrations were obtained using an automated
benchtop blood gas analyser (ABL800 Basic, Radiometer Medical
ApS, Brgnshgj, Denmark). The SysBP and diastolic blood pres-
sures were measured around the upper arm at heart level.

Patient groups and data analysis

For this study, IDH was defined as a continuous drop in SysBP
>20mmHg. Accordingly, patients were divided into three
groups as follows: haemodynamically stable, asymptomatic
IDH or unstable (symptomatic IDH). The clinical symptoms and
medical interventions considered relevant to IDH were diapho-
resis, nausea, vomiting, oedema, cramps, blurred vision, pre-
syncope, headache, fatigue, fluid infusion, switching off UFR
and/or raising of the patient’s legs.

In addition to anthropometric characteristics, relevant
parameters for group comparison were patient’s blood pressure,
UFR and volume, plasma electrolytes and those obtained from
BIS measurements. The difference between the groups was
tested by one-way analysis of variance, Pearson’s Chi-square
test or Student’s t-test, as appropriate. All analyses were carried
out using SPSS version 19 (SPSS Inc., Chicago, IL, USA).
Regression analysis was applied to assess the correlation be-
tween the accumulative ultrafiltration volume (UFV) and accu-
mulative changes in ECF. Intergroup discrepancy was calculated
using parameters defined on the basis of BIS and blood analysis
according to the equations given below. The predicted
(expected) relative change in ECF (represented by AECFpredic) as
a result of the applied ultrafiltrate profile was calculated using
Equation (1), whereas the actual measured change from BIS
(expressed as AECFyeas) Was given by Equation (2).
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FIGURE 1: Graph showing (a) the location of the electrodes for sBIS measurements and (b) the changes in ECF and ICF associated with a decrease in SysBP in a represen-
tative patient from the unstable group (aged 69 years, pre-dialysis weight 85.5kg and dry weight 83kg). A, arm; T, trunk; L, leg segment.
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The osmotic activity of plasma (Osmpy) at a certain time
point was estimated as the sum of Na*, K*, Ca®", glucose and
urea concentrations in plasma, according to Equation (3). Here,
the factor 0.93 accounts for intermolecular attraction, which
may slightly reduce the total osmotic activity as suggested else-
where [12].

[Glucose] [Urea])
18 5.992

©)

Osmp, [mOsmol/kg] = 0.93 - (2 Na*]+2- [K*]+ [ca™] +

To test for the suitability of Equation (3), laboratory measure-
ments of plasma osmolarity were performed on two randomly
selected patients from each group (four measurements per
treatment, with an interval of 1h), and the osmotic gap (i.e. the
difference between measured and calculated plasma osmolar-
ity) was noted. Although urea is not an effective osmotic solute
for almost all body cells, as it rapidly equilibrates across cell
membrane using special urea channels that resemble the well-
known aquaporin [13, 14], it was included in Equation (3) since
it contributes to plasma osmolarity, especially in dialysis

patients. Moreover, relative changes in plasma osmotic activity
(AOsmpy, in percentages) and in R, normalized for the UFV (AR./
UFV in percentage per litre) are introduced in Equations (4) and
(5), respectively.

OSmpL(t) — OSmpL(t = O)

AOsmg. [%] - OSmpL(t = 0)

-100 @)

ARe
UFV

a+ﬂ—&m_0m

1
%/1] = 2 - UFR(t)-dt) 100 (5)

t

Here, 7 is 30 min. Finally, two estimated UFV values were cal-
culated either from BIS [UFVegmi1, Equation (6)] or from the UFV
measured by the dialysis machine minus fluid infusion (FI)
[UFVestm2, Equation (7)] and were compared using a Bland-
Altman plot.

UFVestm1|L] = ECF(t = 0) — ECF(t = 180) + ICF(t =0)

— ICF(t = 180) ©6)
t=180

UFVestm2 [L] = Z UFVmachine (t) —FI (7)
t=0

All results are expressed as mean * SD unless indicated oth-
erwise. A P-value of <0.05 was considered statistically
significant.
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Table 1. Baseline clinical and physical characteristics as mean * SD with significance (P) of the 36 patients their treatments

Patients with end-stage renal disease

Baseline characteristics

Stable (n=12) Asymptomatic (n=12) Unstable (n=12) P-value
Gender, female (%) 25.0 333 66.7 0.091
Age (years) 72+ 16 72+10 70+ 16 0.957
Height (cm) 173.3*7.4 172.1+8.7 167.1+5.1 0.094
Weight (kg) 77.8+10.6 78.6 +16.0 72.6 = 18.1 0.589
BMI (kg/mz) 26.0x4.1 272x7.0 26.7 £6.7 0.894
Diabetes (%) 333 16.7 333 0.575
Dialysis duration (min) 232.5*29.0 252.5*27.0 232.5+26.0 0.134
UFR (mL/h) 593.4 +310.9 583.0+332.7 624.1+265.3 0.943
SysBP (mmHg) 1345x14.3 140.1£45 127.1+15.7 0.252
ECF (L) 20.8+27 20.2+5.1 16.8+2.9 0.028
FO (L) 48=*26 3921 28+28 0.182
Body temperature (°C) 36.1+0.3 359+0.7 36.1+0.3 0.376
0, saturation (%) 95.9+2.0 96.6 = 2.5 96.3*2.6 0.789
Plasma Na* (mmol/L) 137.9+22 137.3+29 138.1+3.8 0.130
Plasma K* (mmol/L) 43*0.8 44+09 4.7 £0.9 0.537
Hect (%) 30.8+6.4 31.6+5.1 323+58 0.221
Glucose (mg/dL) 117.7 =30.9 123.1x27.8 119.5+28.2 0.899

Bold value is statistically significant (P<0.05).

RESULTS

Table 1 presents the baseline physical and clinical characteris-
tics of the 36 patients and their treatments settings. Apart from
the ECF (P=0.028), there were no significant differences be-
tween the groups at baseline with regard to their clinical char-
acteristics or dialysis settings as given in Table 1. About 50% of
the patients showed signs of pre-dialysis overhydration mainly
in the legs, but with no significant difference in the amount of
FO (P=0.182) among patient groups. Table 2 presents a compar-
ison of 1-h long time episodes with (‘hypotensive’) or without
(‘control’) a drop in SysBP of >20 mmHg/h, which were selected
from unstable patients. Significant increase in R, (P =0.008), de-
crease in ECF (P=0.020) as well as increase in ICF (P=0.001)
were detected after a hypotensive episode. Plasma potassium
concentrations (P=0.013) and Hct level (P=0.001) were consis-
tent with these changes.

The location of the electrodes for the BIS measurements is il-
lustrated in Figure la. A representative example from an unsta-
ble is given in Figure 1b to show the changes in ECF, ICF and Hct
associated with a decrease in SysBP. Figure 2a-c compares the
‘measured’ changes in ECF (calculated using BIS measurements)
with the ‘predicted’ changes (as expected from the UFV curve)
among patient groups. Significant differences between pre-
dicted and measured loss in ECF were observed between the
groups at fixed time points, e.g. at t=30min: P<0.001, and
t=60min: P=0.001. Figure 2d shows the relationship between
accumulative changes in ECF and accumulative changes in the
UFV. The reduction in ECF within unstable patients was higher
in comparison with others when normalized to UFV. The rela-
tive change in plasma osmotic activity during treatment is
shown in Figure 3a); here, plasma osmolarity was calculated
according to Equation (2). Osmotic gaps of 4.5+ 1.6 (stable),
44+40 (asymptomatic) and 7.9+5.2 (unstable) were found.
Figure 3b shows the changes in ECF to ICF ratio for the three pa-
tient groups as a function of treatment time. The relative
change in AR./UFV in (%/L) is given in Figure 4a. The Bland-
Altman plot shows good agreement (bias: —0.11 +0.37L) be-
tween changes in the UFV calculated from BIS method

(UFVestm1) and those directly recorded from the dialysis ma-
chine (UFVestmz) between the time points 0 and 180min
(Figure 4b).

DISCUSSION

Our results showed that the EC in unstable patients is depleted
more than expected from applied dialysis settings. If compared
with their accumulative UFV during treatment, a substantial
fluid up to 300mL was showed to move from the EC to the IC
compartment in these patients. AR,/UFV ratios have also
reflected similar behaviour, considering that these ratios are
not subject to the same inaccuracies arising from estimating
body volumes. Furthermore, data confirm that patients at risk of
IDH cannot be simply identified from baseline characteristics.

At baseline, clinical characteristics of the patients and their
treatment settings did not differ significantly among groups.
Pre-dialytic ECF levels were, however, generally lower among
patients of symptomatic group. Wizemann et al. [15] reported
the influence of hydration state on the observed changes in
plasma volume during ultrafiltration. They showed that the
more compliant interstitium in overhydrated patients might en-
hance the interstitial hydrostatic pressure during dialysis and
thus better preserve the plasma volume. Although this lower
ECF value may have contributed to symptomatic IDH in this co-
hort, it neither contradicted the overall outcome of this study
nor solely illustrated the mechanisms of IDH discussed here.

During dialysis, a rapid reduction in EC osmolarity due to ul-
trafiltrate, without an equivalent drop in IC osmolarity, may
build-up an osmotic gradient favouring a fluid shift towards the
IC compartment [12, 16]. To test this hypothesis, the first step
was to compare the profiles of ECF losses among patient groups.
Normally, the UFV is depicted as the sum of losses in both ECF
and ICF volume. Figure 1b introduces a representative example
from an unstable patient that points in a different direction, in
which an episode of severe SysBP drop may have been accom-
panied by a fluid shift from the EC to the IC compartment.
To further investigate this point, hypotensive episodes were
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compared with control ones selected from unstable patients. If
multiple hypotensive episodes occurred for the same patient
during the same dialysis session, only the first episode was con-
sidered. Subsequent hypotensive episodes were excluded to
avoid the possible influence of the applied interventions on the
measured parameters. Data analysis revealed that a significant
loss in ECF (P=0.020) was accompanied by an increase in ICF

Table 2. Difference (A) in parameters between a pre- and post-hypo-
tensive episode with an SysBP drop of >20 mmHg/h or a control epi-
sode without a SysBP drop of >20 mmHg/h
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(P=0.001) after an abrupt drop in SysBP >20 mmHg/h, suggest-
ing that a sort of transcellular fluid shift towards IC may be con-
current with IDH. Figure 2a—c compares the expected loss in ECF
(as predicted from the UFV profile) to the measured loss in ECF
(as estimated from BIS data) among patients groups. For stable
patients, the measured loss in ECF followed that predicted from
UFV with an equivalent slope throughout HD. IDH-prone
patients, however, were characterized by a rapid loss in mea-
sured ECF, more than expected from the UFR profile, until the
point where medical intervention was required. We considered
these large intergroup discrepancies as a sign of a different
body fluid redistribution mechanism characterizing unstable

Control Hypotensive patients, especially during the first half of HD. To translate this

(SysBP drop (SysBP drop observation into numeric variables, the accumulative reduction

Parameters <20 mmHg/h) >20mmHg/h) P-value in ECF was investigated in comparison with the collected vol-
ASysBP (mmHg) _58+40 _306+114 <0.001 ume .Of the ultrafi%trate during HD (Figure 2d). The cqnstfmt
AR. () 13.4+158 509 +41.3 0.008 term in the fitted (linear) equations represents the contribution
AR; (@) 29.5+373 51.0+83.1 0.418 from the IC compartment, while the signs indicate the direction
AECF (L) _03+03 _08+07 0.020 of fluid shift: (—) from EC to IC, and (+) from IC to EC compart-
AICF (L) _02+03 02+02 0.001 ments. For unstable patients, ECF is clearly depleted by both
ANa* (mmol/L) 0.5+ 1.15 03+06 0.514 UFV and fluid shifts towards the IC, while patients at mid- to
AK" (mmol/L) -02+0.3 —0.7*0.6 0.013 no-risk of IDH had a positive shift from the IC compartment.
ACa?" (mmol/L) 0.0=0.0 0.0+0.0 0.503 Note that the fitted equations cannot be generalized, as some
AHct (%) 0.1+1.1 20+14 0.001 patients develop a relatively significant increase in ECF at a very

A total of 12 hypotensive episodes and another 12 control episodes were selected
from patients of the unstable group and used for the comparison. All values are
expressed as mean * SD. Bold values are statistically significant (P<0.05).

—
2
—

low UFV, which was not valid for all patients. Moreover, the
amount of transcellular fluid shift is not constant, as it may
vary in response to various conditions.
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FIGURE 2: Graph showing (a—c) predicted [Predict from Equation (1) as dotted line] and measured [Measure from Equation (2) as solid line] changes in ECF calculated
from the bioimpedance measurements and presented as mean * SD for the three patient groups, and (d) the accumulative changes (losses) in ECF associated with ac-
cumulative UFV as recorded by the dialysis machine during treatment. Data points were taken at the time points 30, 60, 90, 120, 150 and 180 min, respectively, from the
start of dialysis. SD lines were omitted from the graph in (d) to maintain visual clarity; max SD was 0.87 for accumulated AUFV and 0.93 for accumulated AECF.
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The next step was to study the variation in osmotic activity
within the plasma pool for each patient group (Figure 3a). For all
patients, plasma osmolarity decreased during dialysis due to
the removal of osmotically active solutes by ultrafiltration.
However, larger (negative) changes were observed for unstable
patients compared with stable ones, taking into account that a
relatively similar dialysate fluid was applied to all patients.
These rapid osmotic changes are in support of our initial hy-
pothesis. Similar observations have been already reported by
others [17-19]. In addition to the induced transcellular fluid
shifts, rapid changes in plasma osmolarity may suppress the re-
lease of vasopressin, a hormone responsible for increasing the
peripheral vascular resistance and arterial blood pressure [20]. It
is worth noting that half of the unstable patients in this study
were diabetic. This may influence how their body reacts to
changes in plasma osmolarity. Previous works [21-24] reported
that diabetes mellitus may affect the body fluid distribution and
reduces patient tolerance to hypovolaemia. Furthermore, the
development of IDH itself or the applied medical interventions
may change the fluid distribution status in these patients. This
could explain the plateau/increase in plasma osmolarity ob-
served later for the unstable group, during the second half of
the treatment.

Finally, additional volumetric ratios, calculated on the basis
of BIS, were used to characterize unstable patients. Figure 3b
shows the difference in ECF/ICF ratios between the groups.
Nearly all patients in this study were characterized by abnor-
mally high ratios at baseline, which indicate either ECF volume
overload due to overhydration, or decreased ICF volume due to
malnutrition [25]. During treatment, ECF is gradually reduced by
the UFR and, thus, the ECF/ICF ratio is also decreased; this was
the case for all three groups. However, the faster reduction in
unstable group may again support our hypothesis that a

substantial fraction of ECF is shifted to IC compartment in un-
stable patients. Nevertheless, due to the limited accuracy of ICF
measurements provided by current BIS methods and an in-
duced ECF/ICF variability due to patient characteristics (e.g. obe-
sity [26]), a more careful interpretation of this particular
parameter is required. Also, due to our applied methodology, it
was not possible to clearly differentiate between the influence
of overhydration and of malnutrition on the ECF/ICF ratios.

The relative change in R. could be another way to identify
patients at risk for IDH, without being subject to possible inac-
curacies arising from calculation of ECF and ICF volumes. When
normalized for UFV, the influence of the different UFV profiles
used on R is reduced. Figure 4a shows that unstable symptom-
atic patients have an overall higher reduction in their ARs/UFV
in comparison with others, regardless of applied UFR settings.

A limitation of the study is the small number of participants.
However, our findings were consistent among groups, suggest-
ing that our hypothesis of additional ECF depletion due to trans-
cellular fluid shift may be correct. Precise placement of the
electrodes at the boundaries between body segments is very im-
portant when applying sBIS to insure reproducibility. This, how-
ever, was not always possible, especially in patients with an
extreme body mass index (BMI). To gain more insight into the
accuracy of the applied method in this study, a Bland-Altman
plot was generated from different UFV estimates (Figure 4b).
The difference in estimated UFV computed from BIS and that
obtained directly from the dialysis machine was —0.11 = 0.37L,
which is within an acceptable range. The clinical characteristics
of the patients (e.g. nutritional/health status and response of
compensatory mechanisms) should also not be overlooked, as
they may alter the pathophysiology of fluid removal during HD.
These factors should all be taken into account in future studies.
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This pilot study demonstrates the feasibility of applying BIS
techniques to monitor transcellular fluid shifts during HD.
Although the results did not provide actual quantitative meas-
urements of these fluid shifts, they were able to qualitatively
describe the direction of these fluid shifts and correlate them to
the changes in both ECF and ICF among patient groups. The
results have also indicated that not only Re but also the R; from
the Cole model seems to yield useful information for continu-
ous assessment of body fluid during HD. Nevertheless, due to
the small sample size, the outcome of our study is still at the re-
search stage and can be considered a support of our hypothesis.
However, larger trials are required before any clinical conclu-
sions can be made.
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