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Abstract

Background. Intradialytic morbid events (IME, mostly
hypotension) mainly due to ultrafiltration-induced
hypovolaemia still are the most frequent complication
during haemodialysis (HD). This study was performed
to test the hypothesis that there is an individual critical
relative blood volume (RBVcrit) in IME-prone HD
patients.
Methods. In this prospective international multicentre
study, 60 IME-prone patients from nine dialysis centres
were observed during up to 21 standard HD sessions
without trial-specific intervention. The RBV was
monitored continuously by an ultrasonic method
(BVM; blood volume monitor). Also, the ultrafiltra-
tion rate was registered continuously. Blood pressure
was measured at regular intervals, and more fre-
quently during IME. All IME and specific therapeutic
interventions were noted.
Results. In total, 537 IME, some with more than one
symptom, were documented during 585 HD sessions.
The occurrence of IME increased up to 10-fold from
the start to the end of the HD session. RBVcrit showed
a wide inter-individual range, varying from 71 to 98%.
However, the intra-individual RBV limit was relatively
stable, with an SD of -5% in three-quarters of the
patients. In patients with congestive heart failure,
cardiac arrhythmia, advanced age, low ultrafiltration
volume and low diastolic blood pressure, higher values
of RBVcrit were observed. While all correlations
between RBVcrit and patient characteristics alone
were found to be of weak or medium strength, the
combination of diastolic blood pressure, ultrafiltration
volume and age resulted in a strong correlation with
RBVcrit: the linear equation with these parameters

allows an estimation of RBVcrit in patients not yet
monitored with a BVM.
Conclusions. An individual RBV limit exists for nearly
all patients. In most IME-prone patients, these RBV
values were stable with only narrow variability, thus
making it a useful indicator to mark the individual
window of haemodynamic instabilities.
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Introduction

Intradialytic morbid events (IME), often a drop of
blood pressure, are still the most frequent complication
during haemodialysis (HD) treatment. This causes
discomfort, reduces treatment efficacy and, thus,
increases morbidity of the patients. Repeated severe
symptomatic hypotension might result in brain and
cardiac tissue damage, and correlates with long-term
cardiovascular problems. These IME also contribute
to increased monitoring and workload of nurses and
physicians, thereby increasing treatment costs. The
number of IME has not decreased despite considerable
technical progress in HD during the last years [1,2].

Various factors contributing to IME have been
discussed: underlying and concomitant diseases com-
promise the autonomic nervous system and the hor-
monal response. Medication and fluid status influence
the adequate cardiovascular compensatory mechan-
isms, such as vascular compliance, venous capacity
and cardiac function. During HD treatment, the fast
removal of intravascular fluid, a slow refilling rate, an
increase in body temperature, components of the
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dialysis fluid (buffer, water and electrolytes), etc. may
cause haemodynamic instability [1,3]. However, ultra-
filtration leading to hypovolaemia is considered the
main factor causing an acute decrease of blood
pressure during HD treatment [4].

Continuous measurements of the relative blood
volume (RBV) have confirmed hypovolaemia as the
pivotal cause of arterial hypotension. Most patients
showed symptomatic hypotension below a blood
volume of 50 mlukg body weight [5]. An individual limit
for each patient to develop symptomatic hypotension
was then postulated [6].

If such an individual limit does exist, then, by setting
off an alarm and stopping ultrafiltration, IME may
be prevented prior to the event, instead of applying
measures after the event, as is usually carried out.

A further step is an algorithm which adapts the
ultrafiltration rate to the decline in blood volume in
each individual patient and, thereby, avoids the indi-
vidual critical blood volume at which IME develops is
reached.

The purpose of this study was to find an individual
limit (RBVcrit) for each patient under strictly un-
changed and individually standardized treatment con-
ditions, and to investigate whether the intra-individual
variability of this limit is small enough to use RBVcrit

as a cut-off value predictive for hypotensive episodes
to make the algorithm work. Secondly, the question
was asked whether certain groups of patients (such as
diabetics, patients with cardiac problems, aged patients
or obese patients) show distinct patterns of critical
blood volume behaviour.

Subjects and methods

Study design and patients

The study was designed as an open, non-controlled pro-
spective multicentre trial. Nine dialysis units in Germany
(four), Switzerland (two), The Netherlands (two) and the
USA (one) participated in the study. The study was purely
observational; the standard HD treatment prescription of the
participating patients remained unchanged. The ultrafiltration
rate was kept constant.

Local legal and administrative regulations were followed,
and approval of the respective Ethics Committees was obtained.

All patients took part in the study voluntarily after giving
written informed consent. Included were adult patients with
end-stage renal disease, treated by intermittent HD three
times a week during the last 3 months, and with a high rate
of IME (at least four IME in the preceding 4 weeks).

An IME was defined in this study as a decrease in systolic
blood pressure or a typical symptom (e.g. cramps, dizziness,
vomiting, and in rare circumstances also loss of conscious-
ness), severe enough to be treated by a medical intervention
(e.g. stopping ultrafiltration, change in body position, saline
administration). Neither a typical symptom nor a medical
intervention alone (e.g. for prevention) was counted as an IME.

Besides the standard exclusion criteria (pregnancy, breast-
feeding mother, infectious diseases, simultaneous participation
in another clinical trial), trial-specific exclusion criteria were
treatment regimens with varying dialysate sodium or

planned changes in dialysate composition (due to expected
changes in sodium balance) anduor erythropoetin dosage
(due to expected changes in haematocrit) to keep constant
those factors which might influence the blood volume.

Study parameters

Patient characteristics (such as age, gender, height and weight),
medical history and co-morbid diseases [arterial hyper-
tension, diabetes mellitus, congestive heart failure, cardiac
arrhythmia, coronary heart disease, chronic hypotension
(systolic blood pressure -100 mmHg), autonomic neuro-
pathy and peripheral arterial occlusive disease] were
recorded by the physician.

During the HD treatment the following parameters were
monitored and documented:

(1) The blood volume was monitored continuously with a
blood volume monitor (BVM). The BVM is a device
which (after functional self-test and calibrating) con-
tinuously evaluates the RBV by measuring the blood
density with ultrasound. An ultrasound transmitter pro-
duces sound pulses, and these pulses are then received
on the opposite side of a cuvette integrated in the arterial
line set. The blood density is determined from the
transient time of the sound pulse through the blood
sample. This device (described in detail elsewhere [7,8])
measures non-invasively, and has a high accuracy. The
blood volume is expressed as a percentage of the starting
blood volume, i.e. RBV.

(2) The blood pressure was measured by a blood pressure
monitor (BPM) every 30 min and additionally measure-
ment was triggered manually during hypotensive events.
BVM and BPM are both modules of the HD machine
(Fresenius Medical Care, Europe: 4008, USA: 2008 H).

(3) In addition to the RBV and the blood pressure, HD
machine data such as blood flow rate, dialysate flow rate,
ultrafiltration rate and volume were collected on-line
by a connected PC.

(4) All IME (as defined above) were recorded carefully in
writing by the attending nurse.

Statistical evaluation

All data were entered into a database; statistical analysis was
performed using SPSS for Windows, version 10.0.

Analyses were carried out by x2 test, Student’s t-test,
Mann–Whitney U-test, Wilcoxon signed rank test and
correlation tests (Pearson, Kendall and Spearman) where
appropriate.

Results are presented as mean"SD. Correlation was classi-
fied as weak for 0.2O |r| -0.4, medium for 0.4O |r| -0.6,
and strong for |r| P0.6. Simple and multiple regression
analyses were applied to examine the relationship between
RBVcrit and various parameters. Predictors with at least a
weak correlation were pooled and selected by a stepwise
procedure with forward inclusion.

Results

Study population

Sixty IME-prone HD patients (37 females, 23 males)
were enrolled. Their mean time on HD treatment
was 3.3"3.1 years (range 0–21 years). In addition to
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end-stage renal failure, they suffered from concomitant
diseases: 90% of the patients had at least one con-
comitant disease, and 38% of the patients more than
two concomitant diseases. We found a high prevalence
of arterial hypertension and diabetes mellitus in the
study population of IME-prone patients, both diseases
being more frequent in females than in males (Table 1).

Although the males were taller and heavier, the aver-
age body mass index (BMI) was without significant
differences between the two genders.

The mean systolic blood pressure measured at the
start of the HD treatment was higher in females than in
males, whereas the mean diastolic blood pressure did
not show significant differences between genders (see
Table 2).

Compared with non-diabetic patients, diabetic pati-
ents revealed a higher BMI and presented with higher
blood pressure values. The mean systolic blood pres-
sure measured at the start of the HD treatment was
significantly higher in patients with diabetes mellitus
compared with those without this disease, whereas the
differences in the mean diastolic blood pressure was
not significantly different (see Table 2).

Treatment

During the study, an average of 10"6 HD sessions
(range 2–21) per patient were documented. The mean
duration of the sessions was 239"37 min. The average
ultrafiltration volume relative to body weight did not
differ for gender or prevalence of diabetes mellitus (see
Table 2).

IME

A total of 537 IME were registered during 585 HD
sessions; on average, 0.92 events occurred per treat-
ment. Some IME exhibited multiple symptoms (760
symptoms in total, see Table 3). Two-thirds of these
symptoms were hypotension; other symptoms were
muscle cramps, dizziness, nausea, headache and
vomiting. The remaining symptoms (e.g. sweating, light
headedness and unconsciousness) were reported as
-1% of the number of symptoms and were therefore
not listed in detail.

Figure 1 shows the frequency of IME during the HD
session: it increased up to 10-fold from the start to the
end of the HD session.

In 45% of the HD sessions, no IME, and in
31%, only a single IME, occurred, whereas multi-
ple IME were reported in 23% of the treatments,
with a maximum of five IME per HD session (see
Table 4).

Critical relative blood volume

All individual time courses of all HD sessions were
analysed, and an individual RBVcrit was calculated as
an average of the RBV at all IME of each patient. The
data are presented in Figure 2.

RBVcrit could be calculated for 58 out of 60 patients.
Two patients did not experience IME during the HD
sessions which were monitored by the BVM. RBVcrit

presented with a wide inter-individual variability
between the patients, varying from around the initial
value of 100% down to 71%. The mean RBVcrit of all

Table 1. Concomitant diseases in the study population

Prevalence (% of all patients) Prevalence (% of female patients) Prevalence (% of male patients)

Hypertension 64.4 75.0 47.8
Diabetes mellitus 44.1 55.6 26.1
Congestive heart failure 28.8 25.0 34.8
Coronary heart disease 27.1 27.8 26.1
Peripheral arterial occlusive disease 25.4 30.6 17.4
Autonomous neuropathy 18.6 22.2 13.0
Cardiac arrhythmia 15.3 13.9 17.4
Chronic hypotension 5.1 0.0 13.0

Table 2. Patient characteristics according to gender and diabetes mellitus

All patients Female patients Male patients P (gender) Patients with DM Patients without DM P (DM)

Distribution (%) 100 62 38 57 43
Age (years) 66"11 65"11 68"11 0.34 64"8 68"12 0.11
Weight (kg) 73"16 71"15 78"15 0.11 77"3 71"3 0.05
BMI (kgum2) 26.6"4.9 26.8"5.2 26.2"4.6 0.70 28.1"3.9 25.4"5.3 0.04
UFV (% of weight ) 3.7"1.4 3.6"1.3 3.9"1.5 0.47 3.8"1.3 3.7"1.5 0.15
sBP (mmHg) 147"25 152"24 136"24 0.01 155"28 140"22 0.03
dBP (mmHg) 82"18 84"19 78"17 0.23 85"19 78"17 0.12
RBVcrit (%) 88.7"6.2 88.8"5.9 88.6"6.9 0.77 88.7"6.2 88.8"6.4 0.50
IME per HD session 1.1"0.7 1.1"0.8 1.0"0.7 0.50 1.2"0.8 0.9"0.7 0.06

sBPudBP, systolicudiastolic blood pressure at start of treatment; UFV, ultrafiltration volume (relative to dry weight). All values are given as
mean"SD.
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patients was 88.7"6.2%. As shown in Table 5, 90% of
the patients have an RBVcrit of between 80 and 100%,
and about half of the patients between 80 and 90%.

These individual values showed narrow variability
(Table 6). In 20% of our study population, an SD of
O2% was observed and, for )75% of the patients, the
SD remained within 5%, indicating a relatively stable
individual RBVcrit.

Predictive factors for IME

The mean number of IME per HD session tended to
increase with body weight (rs0.23, Ps0.08) and
correlated with the BMI (rs0.40, P-0.01) of the
patient. Low systolic (rs�0.25, Ps0.06) and diastolic
blood pressure (rs�0.21, Ps0.11) at the end of the
HD treatment showed a trend to correlate with the rate
of IME. Diabetic patients were prone to more IME per
treatment than non-diabetic patients (1.22"0.75 vs
0.96"0.71, Ps0.06). In the study population, no
association was found between the rate of IME and
gender, patient age or blood pressure at the beginning
of HD.

Predictive factors for RBVcrit

Concerning patient characteristics, RBVcrit correlated
with the age of the IME-prone patients (rs0.40,
P-0.01): RBVcrit was generally high in elderly patients.
A high RBVcrit was also seen for mean low diastolic
blood pressure values at the beginning (rs�0.45,
P-0.01) and at the end (rs�0.41, P-0.05) of the
HD session, reflecting less haemodynamic stability.
Gender, dry weight, BMI and mean systolic blood
pressure (pre- and post-dialytic) showed no correlation
to RBVcrit.

Concerning concomitant diseases, a higher RBVcrit

was found in patients with congestive heart failure
(92.0"3.3 vs 87.6"6.7, P-0.01) and cardiac arr-
hythmia (94.0"4.8 vs 87.8"6.1, P-0.01). Diabetes,
coronary heart disease, chronic hypotension, auto-
nomic neuropathy and peripheral arterial occlusive
disease were not identified as predictors of RBVcrit.

Concerning treatment parameters, the following
correlation was found: patients with a high mean
ultrafiltration volume VUF (relative to body weight)
tend to tolerate a lower RBVcrit (rs�0.41, P-0.01)
than patients with less interdialytic weight gains.

All correlations between RBVcrit (as the dependent
variable) and the above-mentioned parameters alone

Table 3. Summary of 760 reported symptoms during 537 intra-
dialytic morbid events

Symptom Frequency Frequency (%)

Hypotension 508 66.8
Cramps 99 13.0
Dizziness 36 4.7
Nausea 23 3.0
Headache 15 2.0
Vomiting 13 1.7
Others 66 8.7
Total 760 100.0

Fig. 1. Distribution of intradialytic morbid events (IME) over the HD session. Each bar represents the percentage of IME in the indicated 5%
of the delivered treatment time.

Table 4. HD sessions with no, one and multiple intradialytic morbid
events (IME)

No. of
HD sessions

No. of IME
per session

Frequency (%)
of all sessions

265 0 45.3
183 1 31.3
79 2 13.5
41 3 7.0
12 4 2.1
5 5 0.9
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were found to be of only weak or medium strength.
Combined in a general linear model which encom-
passes both analysis of variance and regression with
quantitative covariates (e.g. blood pressure, ultrafiltra-
tion volume, age) and qualitative fixed factors (e.g.
prevalence of a co-morbid disease), the following
strong correlation was found (rs0.65, no case-mix
adjustment):

RBVcrit~97:8� 0:08 dBP� 1:4VUF=Wtz

0:05 agez1:5 arrhz0:2CHF

where RBVcrit is the critical relative blood volume limit
of an individual patient (%); dBP is the mean diastolic
blood pressure at the start of dialysis (mmHg); VUF is

the mean ultrafiltration volume (l); Wt is the body
weight of the patient’s (kg); age is the age of the patient
(years); arrh is the prevalence of cardiac arrhythmia
(0 for absent, 1 for existent) and CHF is the prevalence
of congestive heart failure stage I–IV (0 for absent,
1 for existent).

The RBVcrit values calculated from this equation
were equivalent to the empirically found values within
"3% for the majority of patients (56.7%). For those
90% of the patients, who have an RBVcrit between 80
and 96%, the given equation describes RBVcrit rather
accurately (the mean SD between calculated and
measured RBV is 3.0%), whereas for patients with a
very high or low RBVcrit, larger deviations between
measurement and calculation are observed (see
Figure 3).

Discussion

For the study population of IME-prone HD patients,
we found a large inter-individual variability of the
RBVcrit, whereas the intra-individual variability of
the RBVcrit was small. The reason for these findings
might be explained by both patient characteristics and
treatment-specific parameters. While the vulnerability
of patients with certain co-morbid diseases has to be
accepted as a given fact, the specific treatment para-
meters (e.g. ultrafiltration, length of the session,
sodium balance) might, at least partially, have an
effect.

Hypovolaemia is the most important factor in the
induction of arterial hypotension [4,5]. Drops in blood
pressure are often paralleled by reductions in RBV
[9,10]. However, hypotension during dialysis is not
related solely to ultrafiltration; indeed isolated ultra-
filtration without a simultaneous dialysis was a tradi-
tional method to avoid the risk of hypotension.
Meanwhile, it is known that during isolated ultrafiltra-
tion, the body temperature decreases, while it increases

Fig. 2. Individual RBVcrit of all patients with intradialytic morbid events (IME). RBVcrit was calculated as the average of all RBV
measurements during IME of the individual patient (ns58).

Table 5. Cumulative patient distribution of the individual RBVcrit

RBVcrit No. of patients No. of patients (%)

O80 3 5.0
O85 19 31.7
O90 30 50.0
O95 51 85.0
O100 57a 95.0a

aOne patient with RBVcrit )100%, and two patients without RBVcrit

during the observation period.

Table 6. Cumulative intra-individual variability of RBVcrit

SD No. of patients Sum (%)

O"1% 4 6.7
O"2% 12 20.0
O"3% 24 40.0
O"4% 35 58.3
O"5% 46 76.6
O"6% 47 78.3
All patients 60 100.0

Mean"SD: 3.6"2.1%.
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during conventional HD [11], and changes in the body
temperature influence cardiovascular stability [3].

Ultrafiltration during HD treatment obviously gen-
erates hypovolaemia via reduction of RBV. The plasma
refilling rate often increases in correlation to the ultra-
filtration rate depending on the hydration status to
counteract intravascular volume depletion [12]. IME
mostly occur at the end of the HD session, close to
dry weight and decreased plasma refilling rate. The
cessation of ultrafiltration produces an increase of the
RBV, and an increase in blood pressure.

In our study population of IME-prone patients, 60%
of the patients suffered from hypertension. The in-
creased systolic blood pressure values in women
compared with men may be partly attributed to the
fact that more diabetics (in whom higher mean blood
pressure was also observed) were found among women
(prevalence 56 vs 26%, see Table 1). The tendency to
IME may be due to the fact that the autonomous
nervous system and blood pressure regulation are
impaired in diabetic patients. Patients with higher BMI
also were especially susceptible to IME.

Our results confirm clinical knowledge of the elderly
dialysis patient. These patients seem to have a low
tolerance to volume changes since the intradialytic
events occur at relatively high values of RBVcrit. This
might possibly be due to the higher morbidity of these
patients especially of the cardiovascular system, since
congestive heart failure and cardiac arrhythmia were
associated with a higher RBVcrit. Low pre-dialytic
diastolic blood pressure may also be indicative for
particular vulnerability to IME. This may be due to the
low compliance of the vascular system because of
calcification and stiffness of the vessels [13].

RBVcrit is a highly individual value (see also Donauer
et al. [14]). Examples of totally different courses of
the RBV during the dialysis session of two patients, a
modest and an extreme decrease of RBV, are shown
in Figure 4A and B. The diabetic patient experienced

three IME in the RBV range above 89%. The RBV of
the non-diabetic patient decreased to 65% before
hypotension and severe muscle cramps made several
interventions necessary. Since the critical RBV is
highly individual, it does not seem feasible to start
with monitoring towards a general limit but, for each
patient, RBVcrit has to be determined carefully like
the dry weight.

In a small-scale investigation, Stiller et al. [15]
showed that the continuous monitoring of RBV to
control the ultrafiltration reduces the frequency of
IME. In a recent study, it was shown that control of
both ultrafiltration and dialysate conductivity based
on the current RBV leads to improved intradialytic
cardiovascular stability [16].

Monitoring of RBV can be used as an appropriate
method to detect overhydration. Overhydrated pati-
ents show a characteristic, seemingly paradoxical RBV
behaviour during treatment: they have only a small
decrease, sometimes even an increase, in RBV. Lopot
et al. [17] detected that 30% of the patients showed no
decrease in RBV during treatments: RBV remained
constantly at ;100%, indicating overhydration. We
found one patient in our population whose behaviour
corresponded to this (see Figure 2). Subsequently,
Lopot reduced the dry weight of these patients, and
finally found normal behaviour with decreasing RBV
values.

In conclusion, our results, in accordance with the
results of other authors, demonstrate that the con-
tinuous measurement of the RBV may be of clinical
and practical importance in IME-prone HD patients.
RBVcrit seems to mark the individual limit of cardio-
vascular stability. For IME-prone patients, a first
approximation for RBVcrit might be determined by a
simple equation (including the patient’s age, mean
diastolic blood pressure at the start of the HD treat-
ment, mean ultrafiltration volume and cardiac co-
morbid diseases). By taking the calculated RBVcrit into

Fig. 3. Measured and calculated RBVcrit. The measured RBVcrit is derived from the intradialytic morbid events of the individual patient
(ns58). The calculated RBVcrit is derived from the formula (see above); the line of identity is indicated.
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account during the adjustment of the ultrafiltration
rate, IME should be reduced. Moreover, patients with
chronic fluid overload can be identified by RBV.

Due to the narrow variability of the critical RBV, we
think that, during further treatment sessions, moni-
toring of RBV and timely reduction of ultrafiltration are
useful to prevent IME and additional sodium load of
the patient (due to reduced application of hypertonic
saline). Certain dialysis patients might profit especially
from ultrafiltration control according to the actual
RBV measurements. Our data identify elderly patients,
diabetic patients and females with high systolic blood
pressure and high BMI as possible target groups to
take special advantage of close RBV monitoring.

To clarify some of the open issues, the prospective
IVORIC study with a multiple cross-over design (con-
stant ultrafiltration rate vs blood volume-controlled
ultrafiltration rate) was launched. The objective is to
investigate whether the determination of the individual
critical RBV followed by RBV-controlled ultrafiltra-
tion may help to reduce symptomatic hypotension.
Preliminary results are promising [18].
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