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A physio-
logical review on renal replacement
therapies (RRT) is a challenging task:
there is nothing “physiologic” about
RRT, since the most accurate, safe
and perfectly delivered extracorporeal
therapy would still be far from
“physiologically” replacing the
function of the native kidney.
Methods:  This review will address
the issues of physiology of fluid and
solute removal, acid base control and
impact on mortality during intermit-
tent and continuous therapies:
different RRT modalities and relative
prescriptions will provide different
“physiological clinical effects” to
critically ill patients with acute
kidney injury (AKI), with the aim of
restoring lost “renal homeostasis”.
On the other side, however, the

“pathophysiology” of RRT, consists
with unwanted clinical effects caused
by the same treatments, generally
under-recognized by current literature
but often encountered in clinical
practice. Physiology and pathophysi-
ology of different RRT modalities
have been reviewed. Conclu-

sion: Physiology and
pathophysiology of RRT often coex-
ist during dialysis sessions.
Improvement in renal recovery and
survival from AKI will be achieved
from optimization of therapy and
increased awareness of potential
benefits and dangers deriving from
different RRT modalities.
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Physiology of RRT

Fluid removal

All critically ill patients need a high daily amount of
volume infusions: blood and fresh frozen plasma, vaso-
pressors and other continuous infusions, parenteral and
enteral nutrition, which should be delivered without
restriction or interruption. It is not uncommon for patients
with acute kidney injury (AKI) and associated septic
shock, to receive large amounts of fluid resuscitation,
leading to fluid overload. The consequent positive fluid
balance and tendency to interstitial edema causes the
necessity for water removal and, possibly, the achieve-
ment of a negative daily fluid balance. The process of

ultrafiltration occurs when plasma water is driven by a
hydrostatic force through an extracorporeal circuit across
a semi-permeable membrane and then removed from
patient total body water. Extracorporeal renal replacement
therapies (RRT) are typically utilized for ultrafiltration.
Ultrafiltered water has a similar osmolarity to plasma
water; for this reason the process of “isolated ultrafiltra-
tion” substantially corresponds to blood dehydration, with
possible increase of hematocrit values and without mod-
ification of (small) solutes concentration.

Continuous renal replacement therapy (CRRT) slowly
and continuously removes patient’s plasma water, mim-
icking urine output, whereas thrice weekly intermittent
hemodialysis (IHD) must extract, in few hours, the
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equivalent of 2 days of administered fluids plus excess
body water which may be present in the anuric patient.
The intravascular volume depletion associated with
excessive ultrafiltration rate is due to both the high rate of
fluid removal required and the trans-cellular and inter-
stitial fluid shifts caused by the rapid dialytic loss of
solute [1]. The major consequence of rapid fluid removal
is hemodynamic instability. In the case of a septic patient
with AKI who is receiving a high amount of vasopressors
because of hemodynamic instability and is needing
appropriate fluid resuscitation, supplementation of nutri-
tion and blood product administration. The renal
replacement modality of choice seems to be the one that
warrants slow fluid removal, prolonged it for many hours
per day, in order to easily meet the higly variable required
daily fluid balance. In particular, when volemic and ure-
mic control are not a problem, an aggressive, protein-rich
nutritional policy (1.5-2.5 g/day) can be implemented in
the care of AKI patients receiving CRRT, resulting in a
marked improvement in daily nitrogen balance with
possible favorable effects on immune function and overall
outcome [2-5]. Safe prescription of fluid loss during RRT
requires intimate knowledge of the patient’s underlying
condition, understanding of the process of ultrafiltration
and close monitoring of the patient’s cardiovascular
response to fluid removal. In order to preserve tissue
perfusion in patients with AKI, it is important to optimize
fluid balance by removing patient’s excess water without
compromising the effective circulating fluid volume. It is
still a matter of controversy which clinical parameter
(actual patient weight/patient dry weight, mean arterial
pressure, central venous pressure, wedge pressure, sys-
temic saturation, mixed venous saturation, bioimpedance,
etc.) or currently available monitorization (central venous
catheter, swan ganz catheter, transesophageal echocardi-
ography, etc.) should be utilized in order to uniformly
define the concept of “volume overload”. In patients who
are clinically fluid overloaded, however, it is extremely
important to accurately evaluate the amount of fluid to
remove [6]. In these kinds of patients, one of the main
features of slow and constant ultrafiltration is the possi-
bility for interstitial fluid to slowly and constantly refill
the “dehydrated” bloodstream. This phenomenon is dri-
ven by hydrostatic and osmotic forces and allows for the
elimination of high plasma water volumes per day with a
reduced risk of hypovolemia and hypotension. In criti-
cally ill children the correction of water overload is
considered a priority. It has been show that restoring
adequate water content in small children is the main
independent variable for outcome prediction [7, 8]. Sim-
ilar results have been recently found in a large cohort of
adult critically ill patients with AKI [9].

All patients who are at risk of, or who already have,
increased intracranial pressure (neurosurgical patients,
patients with encephalitis or meningo-encephalitis, trau-
matic brain injury or acute liver failure) CRRT in

preference to IHD is strongly indicated in case of AKI. In
an evaluation of brain density by repeated computerized
tomography (CT), La Greca and co authors found that after
intermittent dialysis densitometric values fell significantly
from normal values (27-40 Hounsfield units), especially in
the basal ganglia; this might point to a build-up of fluid in
the parenchyma. No significant variations was observed in
repeated examinations of three normal individuals. Inter-
estingly, the authors found no significant relation between
biochemical data and the CT pattern, hypothesizing that
decreased density of brain tissue and post-dialysis edema
might be a consequence of the local production of “hy-
drogenic osmoles”, due to a reduction in the pH factor of
CSF and cerebral tissue [10]. CRRT has been shown to
prevent intracranial pressure increase associated with
intermittent renal replacement therapies [11].

Solute removal

Physiology of solute removal is one of the main issues of
dialysis and it is partially responsible for safety, tolera-
bility and outcome of extracorporeal RRTs. Solute
removal is a very broad concept that is generally descri-
bed by the elimination of a marker solute. This marker
solute should be reasonably representative of all solutes
that are normally removed from blood by the kidney.
Unfortunately, a reference solute that represents all the
solutes accumulating during AKI is not currently avail-
able, because kinetics and volume of distribution are
different for each molecule. Then, “single-solute control”
during RRT represents only a rough estimate of treatment
efficiency. With these specifications, urea is generally
utilized as “imperfect” marker molecule, because of its
accumulation in all patients with AKI and the ease of
serum level measurement. Furthermore, in spite of its
moderate toxicity, urea is the final product of protein
metabolism; its accumulation describes the need for dial-
ysis and its removal describes treatment efficiency. It is a
small molecule and its volume of distribution is similar to
total body water. It is not bound to protein and it freely
passes through tissues and cell membranes. Creatinine has
similar characteristics and is another commonly used
marker solute. One of the measures utilized to quantify
urea/creatinine removal is dialysis dose. An in depth
analysis of the concept of dialysis dose goes beyond the
aim of this review and can be found elsewhere [12]. One of
the main aspects of dose to be understood, however, is the
concept of clearance (K); K is the volume of blood cleared
from a given solute over a given time. K does not reflect
the overall solute removal rate (mass transfer) but rather its
value normalized by the serum concentration. Even when
K remains stable over time, the removal rate will vary if
the blood levels of the reference molecule change. K
depends on solute molecular size, intercompartmental
transmittance (Kc), transport modality (diffusion or
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convection), and circuit operational characteristics (blood
flow rate, dialysate flow rate, ultrafiltration rate, hemodi-
alyzer type and size). In its original conceivement, K is
utilized to evaluate renal function among disparate indi-
viduals whose kidneys, however, are operating 24 h per
day and urea/creatinine blood levels are at steady state. For
this reason, the concept of K is easily applicable to con-
tinuous treatments and its utilization to describe
intermittent therapies efficiency is a sort of “adaptation”.
For this reason, since K represents only the instantaneous
efficiency of the system, during treatments with different
time schedules the information about the time span during
which K is delivered is fundamental to compare the dif-
ferent RRT doses. For example, K is typically higher in
IHD than in continuous renal replacement therapy (CRRT)
and sustained low efficiency daily dialysis (SLEDD).
However, mass removal may be greater during SLEDD or
CRRT because the K is applied for 12/24 h (Table 1). In
any case, from a physiological point of view, even if a
continuous and an intermittent therapy were prescribed in
order to provide exactly the same marker solute removal,
still they could not be comparable: during continuous
treatments, where a relatively low K is applied, a slow but
prolonged removal of solutes approaches a pseudo-steady
state slope (Fig. 1). In highly intermittent therapies, the
intensive K, limited to 4-6 h per day, thrice a week, causes
the saw tooth slope in solute removal and the eventual
rebound during the time span without treatment. These
peaks and valleys of solutes, bicarbonate, electrolytes,
plasma osmolarity and volemia are not physiologic and
might have a detrimental impact on patients’ hemody-
namics, electrolyte, acid base and other “osmoles”
balance. Furthermore, in the case of IHD, the Kc, i.e., the
variable tendency of different tissues to “release” a solute
into the bloodstream, is much more relevant than during
slow efficiency treatments. As a matter of fact, finally,
solute control is optimized during CRRT: it has been
calculated that if the solute target was, for example, in a
70-kg patient, a mean blood urea nitrogen level of 60 mg/
dL, this would be easily obtainable with a “standard”
CVVH dose, but it might be very difficult to be reached by

Table 1 Different simultaneous clearances (K) may lead to almost
equivalent final daily clearance (K x time). Nonetheless, continu-
ous therapies (CRRT) seem to achieve a final better urea control
(urea removed) with resepct to intermittent hemodialysis (IHD) due
to the different “physiology” of solute removal (slow, steady,

prolonged and independent from tissues intercompartmental
transmittance)

CRRT IHD
K (mL/min) 35 200
Urea start (mg/dL) 110 110
Urea end (mg/dL) 90 30
Treatment time (min) 1440 240
Total K (K x time) 50.5 48
Urea removed (g) 25 18

120

100 [

BUN (mg/dl)

0 6 12 18 24 30 36 42 48 54
Hours of treatment

Fig. 1 Typical solute removal patterns during different renal
replacement therapies. The slow and steady clearance of continuous
treatments allows lower average serum urea levels than during
intermittent therapies, also avoiding potentially dangerous peaks of
solute increase. Furthermore, since clearance does not reflect the
overall solute removal rate (mass transfer) but rather its value
normalized by the solute serum concentration, when solute
concentration rapidly decreases (intermittent dialysis) the final
result will be a lower mass transfer than when solute levels are
steady (continuous treatments)

even intensive IHD regimens [13]. Some authors have
recently suggested to express CRRT daily dose as K
indexed to patient body weight. It is now recommended to
administer a CRRT dose of at least 35 mL/(h kg) x 24 h
[14-16]. Simplifying for low molecular weight solutes
(see [15]), K equals replacement solution and/or dialysate
flow, and CRRT *“standard” dose may be expressed in our
70-kg patient as about 2,500 mL/h (35 mL/h x 70 kg) per
24 h or 60 L/day (2,500 mL/h x 24 h) of replacement
solution during continuous venovenous hemofiltration
(CVVH) or of dialysate during continuous venovenous
hemodialysis (CVVHD) [12]. It is expected that this rec-
ommended dose to be modified in the next years, after the
production of new evidence in this field (see below).

Acid-base control

Few studies have been done to detect which modality is
better in terms of acid-base control [17]. Oligo anuric
patients often have mild acidemia secondary to increased
unmeasured anions (strong ion gap: SIG 12.3 mEq/L),
hyperphosphatemia and hyperlactatemia. This acidosis is
attenuated by the alkalizing effect of hypoalbuminemia.
Uchino and co-workers [18] compared the effect on acid—
base balance of IHD and CVVHDEF. Before treatment,
metabolic acidosis was common in both groups (63.2%
for IHD and 54.3% for CVVHDF). Both IHD and
CVVHDF corrected metabolic acidosis. However, the
rate and degree of correction differed significantly.
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CVVHDF normalized metabolic acidosis more rapidly
and more effectively during the first 24 h than did THD
(P < 0.01). IHD was also associated with a higher inci-
dence of metabolic acidosis than was CVVHDF during
the subsequent 2 weeks treatment period. Accordingly,
CVVHDF can be considered physiologically superior to
IHD in the correction of metabolic acidosis. In a com-
parison between CVVH and peritoneal dialysis, all
patients randomized to CVVH achieved correction of
acidosis by 50 h of treatment, compared with only 15% of
those treated by peritoneal dialysis (P < 0.001) [19].

Rocktaschel showed that once CVVH is commenced,
acidemia is corrected within 24 h. This change is asso-
ciated with a decreased SIG, and decreased phosphate and
chloride concentrations. After 3 days of CVVH, patients
develop alkalemia secondary to metabolic alkalosis due to
a further decrease in SIG and in serum phosphate con-
centration in the setting of persistent hypoalbuminemia
[20].

Mortality

It has been hypothesized that safety features and “phys-
iology” of different RRT modalities delivered for AKI in
critically ill patients might partially give explanation for
different clinical outcomes such as mortality, recovery of
renal function and dialysis independence. Theoretically
speaking, CRRT seems to represent the ideal therapy in
order to “physiologically” restore renal homeostasis,
steadily achieve adequate fluid balance, maintain hemo-
dynamic stability and effectively control metabolic
derangements of AKI and septic syndrome. However,
four recently published randomized clinical trials and one
multicenter observational study contested that outcomes
with CRRT are superior to those of IHD [21-25]. None of
these studies showed a superior outcome for CRRT
compared with IHD. The results of these studies in some
cases have been criticized for methodology and groups
randomization [26]. Nevertheless, they do not support the
belief that CRRT provides better outcomes than IHD.
Three meta-analyses published in the last year agreed that
CRRT does not differ from IHD with respect to in-hos-
pital mortality, ICU mortality, number of surviving
patients not requiring RRT and hemodynamic instability
[27-29]. One of the common key points of these findings
can be that IHD has become safer and more efficacious
with contemporary dialytic techniques. Furthermore, a
liberal and extended use of CRRT might have become
less safe and/or efficacious than previously considered or
expected. The concept that CRRT can provide more
hemodynamic stability, more-effective volume homeo-
stasis and better blood pressure support than IHD has
been challenged by technical advances in the delivery of
IHD, that have dramatically decreased the propensity of
IHD to cause intradialytic hypotension. These advances

include the introduction of volume-controlled dialysis
machines, the routine use of biocompatible synthetic
dialysis membranes, the use of bicarbonate based dialy-
sate and the delivery of higher doses of dialysis, the
utilization of “hybrid techniques” such as extended daily
dialysis [30, 31]. In an important study, Schortgen
et al.32] demonstrated that there was a lower rate of
hemodynamic instability and better outcomes after
implementation of a clinical practice algorithm designed
to improve hemodynamic tolerance to IHD. Recommen-
dations included priming the dialysis circuit with isotonic
saline, setting dialysate sodium concentration at above
145 mmol/L, discontinuing vasodilator therapy and set-
ting dialysate temperature to below 37°C. Thus, the
original rationale for the widely held assumption that
CRRT is a superior therapy may have dissipated over
time [33].

There is also urgent need for prospective high-quality
and suitably powered trials to adequately address the
impact of “dialysis dose” on mortality. New high level of
evidence is however coming from two very recent trials.
A (small) randomized controlled trial on 200 critically ill
patients with AKI concluded that patient survival or renal
recovery was not different between patients receiving
high-dosage (35 mL/(kg h) or standard-dosage (20 mL/
(kg h) CVVHDF [34]. In the second study, under the
sponsorship of The Veterans Affairs/National Institutes of
Health (VA/NIH) Acute Renal Failure Trial Network,
1,124 critically ill patients with AKI and failure of at least
one nonrenal organ or sepsis were randomly assigned to
receive intensive or less-intensive RRT [35]. The study
was a multicenter, prospective, randomized, parallel-
group trial conducted between November 2003 and July
2007 at 27 VA and university-affiliated medical centers.
In both groups only hemodynamically stable patients
underwent IHD, whereas hemodynamically unstable
patients underwent CVVHDF or SLED. Patients receiv-
ing the intensive treatment strategy underwent IHD and
SLED six times per week and CVVHDF at 35 mL/h per
kilogram of body weight; for patients receiving the less-
intensive treatment strategy, the corresponding treatments
were provided thrice weekly and at 20 mL/h per kilo-
gram. The rate of death from any cause by day 60 was
53.6% with intensive therapy and 51.5% with less-inten-
sive therapy. There was no significant difference between
the two groups in the duration of RRT or in the rate of
recovery of kidney function or nonrenal organ failure.
This is the first multicenter clinical trial with adequate
statistical power on different RRT strategies, so far. The
findings of this study contrast with other single center
trials [18, 19] and are similar to smaller studies by
Tolwani and Bouman [34, 36]. However, these results add
high level of evidence to the debate on dialysis dose and
are going to be discussed for a long time. Nonetheless,
many concerns about external validity of the study have
risen. First of all, patients were allowed to be transitioned
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from one dialysis method to another. In this condition, as
discussed above, the dialysis dose is impossible to com-
pare and unlikely to be equivalent. Finally it is not known
if the study findings can be generalized to different health
care systems from United States and to different RRT
approaches (for example the sole use of continuous
venovenous hemofiltration of many European and Aus-
tralian centers). In any case, it is possible that other
strategies than only increasing RRT dose might help AKI
patients. As the accompanying editorial correctly points
out, current approaches to dialysis are probably adequate
to replace critical functions such as regulation of volume
and electrolyte and acid-base homeostasis. Still lacking
are methods that efficiently down-regulate the inflam-
matory response, which might play a major role in the
pathophysiology of AKI [37].

Pathophysiology of RRT

Although considerable attention has focused on the per-
ceived benefits of CRRT, there has been less emphasis on
the possibility that CRRT might confer increased risk
[38]. As a continuous extracorporeal therapy, CRRT
requires continuous contact of patient’s blood with for-
eign surfaces. This event activates the coagulation and
complement cascade, leukocytes and platelets [39].
Activated leukocytes release inflammatory mediators and
induce oxidative stress, transforming lipids and proteins
and contributing to endothelial injury. Activated platelets
aggregate and stimulate thrombin generation. Thus, bio-
incompatibility of RRT materials potentially enhances
coagulation and inflammation pathways that are already
triggered in the critically ill patients and that RRT is
called to treat.

Continuous anticoagulation does increase bleeding
risk. Conversely, clotting of the extracorporeal circuit also
occurs frequently with CRRT, which might contribute to
blood loss and could exacerbate anemia in critically ill
patients. Interestingly, it has been shown that citrate
anticoagulation abolishes polymorphonuclear and platelet
degranulation in the filter in chronic hemodialysis. Fur-
thermore, lower levels of oxidized low-density lipoprotein
were found, indicating less lipid peroxidation [40]; citrate
may thus have beneficial effects beyond the reduction of
bleeding.

RRT has important metabolic consequences because it
is associated with large nonselective solute shifts. In the
normal kidney, tubular modification of the glomerular
filtrate includes re-absorption of beneficial substances
such as amino acids, water-soluble vitamins and trace
elements. During RRT these substances are lost, thereby
reducing antioxidant defense. Amino acids are lost
through the filter and it has been estimated that they
represent at most approximately 10% of overall amino

acid supplementation [41]. A negative balance of water-
soluble vitamins, glutamine, carnitine, selenium and
copper has been shown [42]. Zinc is also lost, but total
balance appeared to be positive, because the replacement
solution contained zinc. These micronutrients are crucial
for antioxidant defense [43]. Consequently, patients on
RRT need a sufficient intake of protein and micronutrients
to compensate for increased losses. Moreover, CRRT
corrects metabolic acidosis by removing metabolic acids
and replacing buffer. In addition to citrate, lactate and
bicarbonate are the most frequently used buffers. If liver
function and tissue perfusion are not severely disturbed,
and CRRT dose is sufficient, lactate buffering is generally
safe and adequate. However, the generation of buffer
from lactate requires three molecules of oxygen for each
molecule of bicarbonate. Furthermore, with the exclusive
use of lactate-based fluids patients develop hyperlactat-
emia [44]. Even if it is generally postulated that
hyperlactatemia is not harmful, it indicates that the
infused amount of lactate (about 150-300 g a day
depending on CRRT dose) overcomes metabolic capacity
[45]. If exogenous lactate supply exceeds the capacity of
the citric acid cycle, a higher proportion of lactate is used
for gluconeogenesis, which is not energy-effective. In
patients with multiple organ failure, lactate buffering
(compared with bicarbonate buffering) increased glucose
intolerance [45]. Furthermore, RRT may alter actual
serum lactate level and impair the utilization of this
molecule as a marker of metabolic acidosis or systemic
hypoperfusion.

The majority of critically ill patients receive some
form of antimicrobial treatment during their stay in the
intensive care unit (ICU). Clinical data on the removal of
antimicrobial drugs by CVVH are scarce and in most
cases give general informations, whereas antibiotic
removal rate is highly variable [46, 47]. Clearance of
antibiotics is influenced by prescribed RRT dose and
modality, protein binding, drug—membrane interaction,
size and charge of molecules, characteristics and lifespan
of the hemofilter. However, although interpatient vari-
ability and the potential need of monitoring serum levels
of each molecule, it has been shown that for clinical
practice dose adjustment according to predicted CVVH
removal provides a reliable estimate compared to effec-
tive CVVH removal for many antibiotics (amoxicillin,
ceftazidime, ciprofloxacin, flucloxacillin, fluconazole and
metronidazole) [48]. Nevertheless, plasma levels should
be strictly monitored when CVVH is performed for those
antibiotics that are eliminated predominantly by the kid-
ney, and that have a low therapeutic threshold (e.g.
vancomycin). In this case, especially when high volume
RRT is used, the risk of therapy underdosing exists [49].

During CRRT heat is lost as a result of blood leaving
the body, cooling by the dialysate and/or the infusion of
large amounts of replacement fluids. Although short-term
adverse effects of cooling on gastric mucosal acidosis



2144

(pHi) were not seen [50], long-term cooling has huge
metabolic consequences. Among others, loss of heat
implies loss of energy, shivering, which increases oxygen
demands, vasoconstriction, inhibition of leukocyte func-
tion and coagulation. In an experimental septic-shock
hemofiltration model, the nonheating of replacement flu-
ids caused early death [51] even if there are no current
clinical trials in humans. The heater of several modern
devices for CRRT is inadequate, especially if higher
volumes are exchanged. Monitoring of body temperature,
prevention of hypothermia and timely provision of
external heat are recommended.

Also of concern are recent reports that technical
problems with the delivery of CRRT, including machine
malfunction, medication errors and compounding errors,
might contribute to increased patient morbidity and
mortality. Detection of safety problems and/or adverse
events is particularly difficult when there are high rates of
expected morbidity and mortality in the population
undergoing a procedure, as is the case with CRRT in
critically ill patients with AKI. Currently, few available
studies provide substantive information on the safety or
adverse effects of CRRT or IHD. The possibility of
making fluid balance errors during CRRT was easier with
the early technology and the advent of automated
machines has partially overcome this problem. Further-
more, a new generation of dedicated CRRT machines has
been recently released with strict safety features [52, 53].
Nevertheless, there are conditions and operation modes in
which the potential for fluid balance errors is still present.
For example, the simultaneous use of other extracorporeal
therapies continuously tests CRRT machines safety and
accuracy features. Dr. Shaheen and colleagues [54]
recently presented their experience with two different
subgroups of children: one group that required hemofil-
tration alone and the second group that required

hemofiltration and extracorporeal membrane oxygenation
(ECMO). Not surprisingly, the authors identified a higher
mortality rate in those patients requiring CVVH and
ECMO compared with those patients requiring hemofil-
tration alone. The authors promoted the concept that
certain therapies should be reserved to experienced teams.
Accuracy and safety features of modern CRRT machines
allow effective and harmless net ultrafiltration delivery in
high-risk pediatric patients, when coupled with constant
clinical monitorization and deep knowledge of the
extracorporeal circuits. We recently showed that net
ultrafiltration error ranges between —1% and about 2% of
prescribed rate [55]. We currently have no information on
how “acceptable” is a machine-provoked error and net
ultrafiltration unbalance cannot be reduced to zero,
because “external” factors must be considered, such as
uncorrect opening of dialysis solution bags, delay in bag
substitution, troubleshooting. Finally, the CRRT delivery
in parallel with ECMO circuit might have an important
role in net ultrafiltration derangements [55].

Conclusions

Physiology and physiopathology of RRT are very
important and often coexistent features during dialysis
sessions. An in depth knowledge of both may help
operators to approach the ideal treatment and help to
tailor RRT to critically ill patients. It is possible that a
further improvement in renal recovery and survival from
AKI will depend from increased awareness of potential
benefits and dangers that different RRT modalities can
carry to different patients.
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