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Introduction

Renal replacement therapy (RRT) of end-stage renal di-
sease (ESRD) is nearly 30 years old. Notwithstanding the
many successes obtained during this period, it cannot be
claimed that hemodialysis and other related techniques
should be considered asymptomatic or ideal treatments
for ESRD. The absence of an in-depth knowledge of the
pathogenesis of the uremic syndrome does not make it
possible to accurately predict the future path of RRT; as
things stand today, only serendipity can open a new era
in this field.

During this meeting we shall try to reflect upon the
treatment modalities of the Nineties on the basis of what
we have leamnt in the Eighties. The first aspect that should
be discussed is what goals RRT can actually achieve, wit-
hout taking into account renal transplantation as this
would go beyond the scope of this session. The key gui-
deline objectives of RRT" are listed in table I. In our opi-
nion, the fundamental factors that ought to be taken into
consideration in order to achieve those goals are: i) the
age of the patient, ii) cardiovascular problems of uremic
patients treated by dialysis, and iii) the adequacy of renal
replacement treatment.

Age of the patient treated by dialysis

Over the past decade numerous Reports from various
Registries?* have documented that a progressively gro-
wing proportion of aged patients with ESRDias been sub-
mitted to RRT in most of the economically developede
countries. This is because elderly people are particularly
prone to renal insufficiency, and because older patients
have easier access to life-saving treatments. On the other
hand, in younger people preventive care and therapeutic
measures seem to have significantly reduced the inciden-

ce of ESRD. Although older patients do have a higher mor- -
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Table 1.

— Long-term survival.

— Low rate of long-term morbidity with low hospitalization.
— Absence of treatment-induced complications.

— Physical and psychological «<independence» of the patient.

Goals of ESRD treatment

tality rate, high-performance blood purification techniques
have brought about a significant improvement in their
overall survival over the last few years. Increased survival
rates and high acceptance rates have together determi-
ned a progressive increase in the median age of RRT pa-
tients.

Moreover, recent Reports*® have described higher
gross RRT patient mortality in the USA than in other in-
dustrialized countries. The lower survival of RRT patients
in the USA compared with the EDTA Registry and Japan
can partly be explained by the higher median age of US
patients and by the higher incidence of co-morbid con-
ditions such as atherosclerotic heart disease, cerebrovas-
cular disease, diabetes mellitus and non-skin malignan-
cies. The tendency to prescribe shorter dialysis is also an
important factor in increased patient mortality. Wether this
is due to the intrinsic problems of short dialysis, or to ina-
dequate understanding of the elements of the dialysis pro-
cess (other than time) remains uncertain. What is certain
is that the trend towards shorter dialysis times (less than
3 hours) may lead to underdialysis and thus to adverse cli-
nical outcomes.

Co-morbid conditions, in particular cardio-vascular pro-
blems, are frequently associated with age. Moreover, car-
diovascular diseases are the major causes of morbidity and
mortality in aged uremic patients.

Cardiovascular problems in dialysis patients

Despite considerable progress in the treatment of
ESRD, cardiovascular complications are still the major cau-
se of high morbidity and mortality in these patients. The-
se complications may be put into two major groups:
a) dialysis-associated cardiomyopathy, and b) dialysis-indu-
ced hypotension. Both complications are definitely more
frequent in aged patients than in younger ones”.
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a) Dialysis-associated cardiomyopathy

The presence of myocardial dysfunction is frequently
encountered in patients on maintenance hemodialysis.

Lefi-ventricular dilatation appears in 10-20 % of dialysis
patients and is frequently associated to congestive heart-
failure.

Left-ventricular hypertrophy is the predominant finding
that can occur in over 50 % of ESRD patients. This abnor-
mality, which is the result of a chronically increased car-
diac workload seems to be linked to the age of the pa-
tient, his/her total length of time on dialysis and, in some
cases, to severe secondary hyperparathyroidism. LV.
hypertrophy may progress towards an asymmetric septum
hypertrophy and may result in LV. diastolic dysfunction,
ie. a reduced diastolic compliance of the left venticle. It
is thus reasonable to assume that impaired L.V. filling sub-
sequent to altered diastolic mechanical properties may in-
crease susceptibility to intradialytic hypotension. Doppler
sonography in patients with recurrent dialysis hypotension
shows a marked reduction in proto-diastolic ventricular fi-
lling, while the ventricular chamber is only filled by atrial
contraction . Moreover, patients with LV. hypertrophy
are susceptible to volume overload and pulmonary vascu-
lar congestion.

LV. diastolic dysfunction is associated with increased
mortality from congestive heart failure, coronary artery di-
sease and sudden death.

b) Intradialytic hypotension

This remains a serious problem since it occurs in about
20-25 % of patients undergoing maintenance hemodialy-
sis’"2, Dialysis-related hypotension is clearly a complex,
multifactorial phenomenon in which factors related to the
dialytic modalities and to the patient’s characteristics are
involved. ~

Intradialytic hypotension is particularly frequent and de-
bilitating in elderly dialysis subjects. Among these patients
autonomic dysfunction and a lower cardiac reserve limit
the response to volume removal during dialysis. In fact, as
a result of ageing, a variety of structural and functional
changes may occur in the cardio-vascular system and the-
se may add to uremic cardiovascular dysfunctions. These
changes involve i) structural alterations of the arterial wall,
ii) impairment of the autonomic nervous control of the cir-
culation, and iii) impairment of cardiac performance. The-
se changes may explain the greater susceptibility of elderly
patients to circulating volume chanfes (fig. 1). Furthermo-
re, poor nutritional status, as recently published, may play
an additional role 4,

The adequacy of renal replacement treatment

This problem may regard: a) the correction of acid-ba-
se status, b) a good nutritional status, and c) an adequate
dialysis prescription.
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a) The correction of acid-base status

As the kidney has a fundamental role in maintaining
acid-base homeostasis, it is quite clear why ESRD s asso-
ciated with metabolic acidosis. Experimental studies in
animals and clinical observations suggest that acidosis per
se may lead to various detrimental effects in uremic pa-
tients, such as an increased protein turnover, the enhan-
cement of renal bone lesions, and myocardial dysfunc-
tion. Moreover, it is now clear that acetate may have nu-
merous untoward effect, especially with the use of high-
flux and high-efficiency dialyzers (table 1) 52, It is therefo-
re mandatory to usecgicarbonate as a buffer base in he-
modialysis with high-flow treatments using large surface
area filters.

b) Good nutritional status

A common problem in RRT patients is protein malnu-
trition which is an important factor underlying the morbi-
dity and mortality of such patients. In a sample of more
than 12,000 hemodialysis patients, low serum albumin le-
vels were highly associated with the mortality suffered by
hemodialysis patients®. In addition, there is now eviden-
ce that the hemodialysis procedure per se is a strong ca-
tabolic stimulus, partry owing to the interaction between
blood and cellulose membranes.

Many nutritional abnormalities are mitigated or can di-
sappear completely provided that dialysis patients are ade-
quately dialyzed with biocompatible membranes, that me-
tabolic acid)gsis is corrected and that protein intake is suf-
ficient?22,

¢} An adequate dialytic prescription

Even after studying treatment schedules for 20 years no
clear definition of the optimal dialysis prescription has
been achieved. The US National Cooperative Dialysis
Study has provided the most comprehensive analysis at

Table Il. Possible untoward effects of acetate

— Hypoventilation related hypoxemia:
® Respiratory symptoms in patients with compromised cardiopulmo-
nary function.
® Fatigue and nausea due to a reduction in transcutaneous oxygen
tension.
— Intracellular acidemia:
® Appearance of some EEG abnormalities.
— Insufficient correction of metabolic acidosis:
® Increased protein tumover.
® Enhancement of renal bone lesions.
— Long-term metabolic and «toxic» effects:
® Cytokine production.
® Perturbation in intermediate metabolism.
Increased frequency of symptomatic hypotension in critically ill pa-
tients.
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Fig. 1.—Various alterations present in uremic aged patients that can induce systemic hemodynamic modifications.

the adequacy of dialysis with the choice of urea as the
principal marker of uremic toxicity. According to these re-
sults, nutrition (or PCR), mid-week pre-dialysis BUN and
Kt/V index are mathematically interrelated. The three pa-
rameters BUN, PCR, and Kt/V are all required to describe
the domain of adequate dialysis, clearly indicating that the
best nutritional status and the lowest urea concentration
induce low morbidity and mortality .

It is beyond the scope of this work to discuss the nu-
merous problems connected to the use of various mo-
dels in evaluating an adequate dialysis prescription. We
only wish to stress how important is to obtain a direct, rou-
tine quantitative measurement of various markers, like
urea, during the hemodialysis session as a tool towards
achieving an optimum dialysis prescription. It is our per-
sonal belief that in the near future these different bioche-
mical markers will be determined utilizing the ultrafiltrate
fluid. We could speculate that if an accurate sensor for
urea concentration could be developed, frequent and im-
mediate determinations of the urea concentration, in con-
nection to a computer, would enables the continuous cal-

culation of Kt/V; dialysis could thus be stopped once the
pre-set efficiency level was reached.

Technological progress

The natural consequences of what we have reported
above and of the results of numerous papers published
over the last decade are the «ingredients» for optimal dialy-
sis, as listed in table Ill. Moreover, hemodiafiltration, and

Table lll.  «Ingredients» for optimal dialysis treatment

— Bicarbonate as buffer.
— Dialysis system with precise volumetric control of ultrafiltration and in-
fusion rates.

Sterile dialysis fluids.

Biocompatibility of the whole extracorporeal circuit.

Urea, bicarbonate, sodium and potassium modeling,

Continuous cardiovascular monitoring.
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its possible modifications, with the use of high flux dialy-
zers and more biocompatible membranes would be the
best way of treating ESRD patients. In fact, hemodiafiltra-
tion can achieve higher removal both of small molecules
as well as low molecular weight proteins i.e. beta-2-micro-
globulin. In addition, the higher utilization of convective
solute transport may enhance cardiovascular stability du-
ring treatment. Indeed, convective transport is able to de-
crease left ventricular end-diastolic pressure and pulmo-
nary wedge pressure.

Finally, pyrogen-free dialysate will definitely utilize back-
filtration positively to increase depurative capacity, while
preventing cytokine release which can alter blood pressu-
re control. Needless to say, the technological progress in
blood purification treatment only represents a part of the
complex problem of treating ESRD. The undoubted im-
portance of a good nutritional status and anemia have
been stressed earlier. Anemia and nutritional deficiencies
actually represent important co-factors in the regulation of
blood pressure and they both represent important thera-
peutic manoeuvres in ESRD.

One of the first steps that should be taken in preven-
ting blood pressure instability during the hemodialysis ses-
sion is the monitoring of the determinats of arterial pres-
sure: cardiac output, blood volume and total peripheral re-
sistances.

During dialysis the hypotensive event is often sudden
and unexpected, and only continuous monitoring can
highlight negative trends or negative associations among
hemodynamic variable changes that may favour the onset
of sharp reductions in blood pressure.

This presupposes that the sensors and the measure-
ment systems used are indeed able to provide both con-
tinuous and in real-time measures, of the various parame-
ters to be monitored. The traditional instruments which
are still used to measure arterial pressure, the heart’s elec-
trical activity and stroke volume are unsuitable for intra-
dialytic monitoring. In fact, the physiologic sensor used
has to meet certain characteristics: it must be non-invasi-
ve, safe, relatively simple to apply and not bothersome to
the patient. It must also be interfaceable with a recorder
and hence with a personal computer to supply the trends
of the parameters being examined. We have developed a
non-invasive continuous recording system for hemodyna-
mic intradialytic monitoring%. The set-up consists of an
automatic arterial pressure recorder, a trans-thoracic bio-
lectrical impedance monitor and an optical system to
measure the intradialytic blood volume changes by opti-
cal absorbance. The instruments are connected to a com-
puter to obtain on-line recordings, graphic displays and fil-
tering of several parameters: heart rate, blood pressure, to-
tal peripheral resistance, cardiac output, blood volume
changes. '
~""Onrline continuous recording systems of the intradialy-
tic changes of blood volume provide new openings both
in the study and the prevention of sudden intradialysis
blood-pressute. reductions.. .. .. ...cceaeeemeeees T
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On the basis of the continuous recording of hemody-
namic parameters it is possible to obtain alarm signals of
hemodynamically critical situations. Br making a statistical
analysis of the temporal trends of volemia and heart rate
one might identify discriminatory mathematical functions
with which to predict the apperarance of intradialytic
hypotensive episodes a few minutes in advance. An ac-
tual on-line alarm system can be developed, which ma-
kes it possible to signal pre-collapse states ahead of time,
so that therapeutic measures can be enforced (infusion of
normo-hypertonic solutions, plasma expanders, etc.)
which prevent the onset of actual collapse episodes
(fig. 2). The best way, however, to prevent intradialytic
hypotension could be to develop automatic control
systems that make it possible to pilot the hemodynamic
variables trends along pre-set trajectories, using a series of

“interactions between controlled parameters and control

parameters.

The system, developed by us to predict and to control
the intradialytic blood volume changes? consists of 3
units: i)an optical sensor of blood volume changes,
ii) dialysis machine, with volumetric control of ultrafiltra-
tion, interfaced with a personal computer with which the
machine communicates on several parameters (ultrafiltra-
tion rate, conductivity and temperature of the dialysate,
etc.) and iii) a specially-designed software package that in-
tegrates three different modules: the acquisition, estima-
tion and control module.

The system keeps.up pre-determined blood volume
changes during dialysis treatments and ensures that by the
end of the treatment the desired patient weight loss is
achieved {fig. 3). The core of the system is made up of an
adaptive controller which, on the grounds of continuous
volemia and ultrafiltration rate measurements estimates
the coefficients that link the two variables and makes it
possible to pilot the volemia trends by means of ultrafil-
tration modulation.

The application of automatic dialysis for patients with
blood pressure instability can bring about some advanta-
ges in regard to intradialytic blood pressure behaviour.

Of course, in a single-input/single-output control
system, pre-set trends of volemia may at time seem in-
compatible with the weight reductions or the dialysis du-
ration and this may jeopardize pressure stability inducing
or even encouraging the appearance of collapse episo-
des. In light of this, the need to add other control varia-
bles to the model, such as dialysate sodium concentra-
tion, can have beneficial effects both upon the volemia
trend as well as on the behaviour of arterial pressure. Apart
from the increased technical complexity of the system, it
will of course be necessary to investigate how much will
actually be gained through improving both the manage-
ment and the control of the symptoms of the dialysis ses-
sion. Moreover, a concrete advantage in terms of cardio-
vascular stability could be achieved in critical vascular pa-
tients-who present hypotensive episodes during their rou-
tine treatments.
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Concluding remarks

Over the last few years there has been an increasing
prevalence of chronically ill patients in the dialysis popu-
lation. Hence, in order to improve dialysis tolerance, up-
date dialysis procedures and additional devices have to
be introduced in patient monitoring to better personalize
the treatment. o

Closed-loop dialysis, as depicted in figure 4, can be en-
visaged in the up-coming future. A system with different
sensors will provide a continuous set of physical and bio-
chemical measures regarding the patient. The continuous
presence of an expert retroactive system will be able to
adjust the setpoints of the dialysis machine on the basis
of real-time informations automatically coming from the

" patient. Unfortunately, this type of dialysis will increase .
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Fig. 4.—Schematic representation of a possible closed-up dialysis in the up-coming future.

treatment costs which are already very high. Can society
afford such extra costs? If not, it is not hard to envisage a
return to a primitive-like dialysis therapy, more straightfor-
ward and basic but definitely more prone to distressing,
recurrent and persistent side-effects. :
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