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CHAPTER 156 

Urea Kinetics, Efficiency, and 
Adequacy of Hemodialysis and 
Other Intermittent Treatments
Niti Madan, Jane Y. Yeun, and Thomas A. Depner

OBJECTIVES
This chapter will:
1. Examine methods for measuring intermittent renal replace-

ment therapy in critically ill patients.
2. Review data documenting the response to different modes 

of intermittent renal replacement therapy.
3. Examine the effect of variables that affect the efficiency 

of solute removal.
4. Recommend methods to assess and improve the adequacy 

of renal replacement therapy in the intensive care unit.

Hemodialysis first was used during the 1940s to sustain 
life in patients with acute renal failure. After a series of 
initial failures, it became clear that life could be prolonged 
and death from uremia prevented while the native kidneys 
recovered.1 In the setting of chronic renal failure, hemodialy-
sis is an extremely effective therapy that has an impressive 
potential for preserving life almost indefinitely despite total 
loss of a vital organ. The early pioneers in hemodialysis were 
likely impressed with its eventual success but were limited 
by rudimentary equipment, arterial access, and adverse 
reactions, so little attention was given to optimizing its 
adequacy. In the 1960s, soon after the beginning of use of 

hemodialysis in patients with chronic renal failure, attempts 
were made to shorten the duration of each treatment as a 
means of cost reduction and to satisfy patients who naturally 
prefer short versus long treatment sessions. Symptoms such 
as muscle cramps and malaise often occur toward the end of 
treatment, and patients mistakenly believe these symptoms 
will be reduced or eliminated by shortening the treatment. 
Despite less need to shorten treatment time in hospitalized 
patients, dialysis in the intensive care unit (ICU) setting 
also was shortened to an average of 3 hours three times 
weekly, usually without measuring the dose. When the urea 
clearances achieved with this approach are compared with 
those achieved in the outpatient setting, it is clear that the 
average ICU patient treated three times weekly receives 
less hemodialysis than the average outpatient despite the 
theoretical need for at least as much dialysis (Fig. 156.1).2,3 
In fact, an argument can be made for more treatment in the 
ICU because of the high rates of catabolism often found in 
critically ill patients.

Several modalities of kidney replacement are currently 
available, including variations in the duration and frequency 
of the treatment. Although renal replacement therapy (RRT) 
in patients with acute kidney injury (AKI) prevents the 
complications of renal failure, including death from uremia, 
it is possible that differences in the modality as well as 
variations in the timing of initiation and/or dosing may 
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solutes account for uremic toxicity, especially consider-
ing that earlier membranes effectively removed solutes 
of molecular weight only up to about 2000 Da.6 In stable 
patients, high urea generation rates and high urea removal 
rates are associated with better outcomes.7 Urea, the most 
abundant organic solute to accumulate, has a constant rate 
of production independent of blood urea levels (zero order 
kinetics), and ease of diffusion across membranes makes it 
an ideal marker of solute clearance.8 The source of uremic 
toxins is unknown, but the generation rates likely vary from 
solute to solute and from time to time, forcing the clini-
cian to measure all of them if the goal is to reliably assess 
adequacy at any point in time. An alternative approach is 
to pick a representative solute such as urea and measure 
its removal by dialysis. Because diffusion and convection 
of solute across the dialyzer membrane are first-order 
processes (removal is proportional to the concentration), 
removal can be expressed as a clearance, which is the 
constant ratio of the removal rate to the concentration, as  
follows:

Clearance
Solute removal rate

Solute concentration
=

[1]

This well-known expression is especially valuable during 
intermittent hemodialysis or intermittent hemofiltration, 
when concentrations of easily dialyzed solutes fall rapidly. 
If expressed as a clearance, the dialysis dose is constant, 
independent of absolute solute concentrations, and free from 
the errors caused by differences in solute generation rates.

Removing or clearing small solutes from the blood is 
the major accomplishment of dialysis and is clearly vital to 
survival of the patient with kidney failure. Other techniques 
can be used to control fluid balance, hormone deficiencies 
or excesses, electrolyte balance, or larger solutes; however, 
if small solute removal is inadequate, patient outcome is 
poor.7 Therefore providing an adequate clearance of small 
solutes must be the primary focus of any attempt to measure 
dialysis adequacy.

HOW TO MEASURE THE DOSE

The most significant benefit afforded by dialysis treatments 
is removal of small dialyzable solutes from the blood of 
patients suffering from uremic toxicity. Higher morbidity 
has been ascribed to high urea levels,7 but treatment failures 
have been associated more strongly with fractional small 
solute clearance, measured as Kt/V urea.9,10

As previously noted, the net flux (removal rate) of a dif-
fusible solute across the dialyzer membrane is proportional 
to the solute concentration (C):

d dtC kC= −

[2]

where k is the elimination constant (fractional removal rate), 
which can also be expressed as K/V, where K is the clearance, 
and V is the volume of solute distribution. Integration of 
Eq. 2 from the beginning to the end of dialysis yields a 
simple expression:

C C K V= −
0e t

[3]

where C0 is the initial predialysis concentration and C is 
the concentration at time t, usually at the end of dialysis. 

affect clinical outcomes and ultimate survival. Intermittent 
hemodialysis (IHD) and continuous replacement (CRRT) 
modalities have been used to manage patients with AKI, and 
all the major trials of IHD and CRRT have shown equivalent 
results with respect to patient survival and recovery of 
renal function. Because intermittent dialysis three days 
a week in the acute care setting may not be sufficient, 
the Kidney Disease: Improving Global Outcomes (KDIGO) 
committee suggests using intermittent and continuous RRT 
as complementary therapies in patients with AKI.

The enormous experience with hemodialysis in outpa-
tients has generated excellent tools for measuring adequacy 
that also can be applied to patients in the ICU. The intermit-
tence of treatments in the outpatient setting and in the ICU 
facilitates measurement of small solute clearance and also 
provides the clinician with an opportunity to measure the 
patient’s protein catabolic rate and water volume simply 
by sampling the blood at the beginning and end of the 
treatment.4 As discussed later, these opportunities are not 
as readily available in patients treated continuously or in 
patients with native kidney function. This chapter focuses 
on hemodialysis: more specifically, on the dose of dialysis 
and its adequacy in critically ill patients requiring intensive 
care. Although the techniques are similar to measurements 
used in stable outpatients, the scene is very different and the 
stakes are much higher in terms of risks from the underlying 
disease as well as the procedure.5 The good news is that 
recovery is possible and that near-normal kidney function 
after recovery is a strong possibility.

GOALS OF DIALYSIS

The primary goal of hemodialysis replacement therapy is 
to reduce the concentrations of small toxic solutes in the 
patient. The proven success of dialysis confirms that small 
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FIGURE 156.1 Hemodialysis adequacy in the intensive care unit. 
The average delivered dose of dialysis, expressed as single-pool 
Kt/V (spKt/V), in three studies (A, B, C) published from 1997 to 
2002 was lower than the accepted minimum target spKt/V estab-
lished for outpatient hemodialysis (horizontal line). Equilibrated 
Kt/V values (eKt/V) and actual delivered spKt/V values in the 
United States, obtained from the United States Renal Data System 
[USRDS] during 1997, are shown for comparison. (Data from Teehan 
GS, Liangos O, Jaber BL. Update on dialytic management of acute 
renal failure. J Intens Care Med. 2003;18:130–138.)
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kidney clearance during dialysis. An explicit solution to this 
equation, although more complicated and therefore more 
accurate, has the same basic form as Eq. 3 (exponential 
function of C0), as follows11:
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[5]

where V0 is the volume of urea distribution before dialysis, K 
is the sum of dialyzer clearance and native kidney clearance 
during dialysis, and native kidney clearance alone between 
dialyses, and B is the rate of fluid gain between or during 
dialyses (negative during).

To measure the dose of dialysis, Eq. 5 would be applied in 
reverse. Predialysis and postdialysis serum urea concentra-
tions (BUN) are measured, and the parameters K/V and 
G are solved by iterative computer techniques, a process 
called “urea modeling.”

UREA MODELING

Urea modeling is performed by laboratories that service 
outpatient dialysis clinics. The clinic provides the blood 
samples together with the input data (“Data required”) 
listed in Table 156.1, and the laboratory issues a report 
that includes the outcome data (“Information provided”) 
shown in Table 156.1. Urea modeling is not automated in 
the ICU and therefore is done rarely. The patient’s status 
and dialysis parameters often change from day to day, so a 
steady state of urea balance rarely is reached. This situation 
does not affect the calculation of dose but confounds the 
interpretation of urea generation and its derivative, protein 
catabolism.

MODELING PROTEIN CATABOLISM

The urea generation rate provided by formal urea mod-
eling can be used to calculate the patient’s net protein 
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FIGURE 156.2 Origin of Kt/V. If the generation rate and changes in 
compartment volume are ignored, the solution to the single-
compartment model is simplified. The linear decline in log BUN 
(blood urea nitrogen) during a single idealized dialysis session 
has a constant slope of -K/V (dashed line), where K is the total 
clearance and is equal to Kd + Kr, where Kd is the dialyzer clearance 
and Kr is the native kidney residual clearance. The slope is the 
difference between the log of the initial C and the log of the final 
C (which is also the log ratio of predialysis to postdialysis C) 
divided by time t. 
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FIGURE 156.3 Single-compartment model of urea mass balance. The 
amount of urea in the single well-mixed pool (central rectangle) 
is equal to the product of the concentration (C) and the compartment 
volume (V). Urea enters the compartment only from the liver and 
is removed constantly by the patient’s native kidneys (clearance 
Kr, or KrC) and intermittently through the dialyzer (clearance Kd, 
or KdC). The rate of change in the compartment’s urea content, 
d(V × C)/dt, is the difference between the generation rate (G) and 
the removal rate (K × C). 

Taking logarithms of both sides of Eq. 3 yields the following 
simple expression:

Kt V = 



ln

C
C

0

[4]

Kt/V is determined primarily from the ratio of predialysis to 
postdialysis solute concentrations and is a measure of the 
dialysis dose expressed as an integrated or average dialyzer 
clearance (K) throughout the entire dialysis time (t), and 
factored for the patient’s size. Size is represented by the 
volume of urea distribution, which is equated to total body 
water (V). Kt/V is essentially a clearance per dialysis and 
is therefore a measure of dialyzer function independent of 
absolute solute concentrations or removal rates.

Fig. 156.2 shows that the slope of the line connecting log 
urea concentrations during dialysis is the ratio K/V, which 
remains constant despite the rapid fall in concentration 
during treatment. This simplified approach, which is shown 
in Eq. 4 and depicted in Fig. 156.2, although helpful for 
demonstration purposes, is more complicated than shown 
here because several other modifying variables must be 
included. A more complete mass balance diagram is shown 
in Fig. 156.3, which also contains a slightly more complex 
but more accurate equation describing the rate of change in 
concentration (dC/dt) as a function of C but modulated to a 
lesser extent by changes in V, urea generation, and native 
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of small solutes, methods have been developed to provide 
clearances in real time during the treatment, by measuring 
other surrogate small solutes with online instruments.18–22 
Blood-side and dialysate-side approaches have been studied; 
urea is used as the marker for clearance on either sides of 
the membrane (e.g., PD), and ultraviolet absorbance23,24 and 
conductivity have been used on the dialysate side. The latter 
is essentially a measure of sodium movement across the 
membrane and closely approximates urea clearance because 
both molecules are highly diffusible.18,22 Kt/V determined 
by conductivity, also known as ionic dialysance, has been 
shown to correlate with Kt/V determined by urea kinetic 
modeling but can vary depending upon the method used to 
determine V.25 With online modeling, V is estimated either 
by an anthropometric formula or preferably determined by 
urea kinetic modeling because it has less variance and is 
patient specific. Also, kinetically derived values for V from 
blood-side and dialysate-side modeling are similar, but these 
modeled urea volumes are lower by a substantial amount 
than anthropometric measurements by Watson and Chertow 
equations.26 Anthropometry-based equations overestimate 
the urea distribution volume in hemodialysis patients and 
underestimate the dialysis dose. Online conductivity methods 
allow more frequent dose measurements in real time with no 
need for blood sampling. The method is based on readings 
from conductivity probes placed at the dialysate inlet and 
outlet before and after changes in the dialysate electrolyte 
concentration are created by the dialysate proportioning 
system as shown in Fig. 156.4 and Eq. 7.

D Qd
Ci Co

Ci
ionic = −





∆ ∆
∆

[7]

Interpretation of the readings is based on the assump-
tion that changes in dialysate conductivity are caused by 

catabolic rate by means of a simple conversion equation.12 
As applied in the outpatient setting, a week-to-week steady 
state with respect to protein intake and output is assumed. 
Unfortunately in the ICU setting, this assumption is most 
often inappropriate. In critically ill patients, total parenteral 
nutrition (TPN) can have a significant effect on Kt/V and 
V.13 Similarly, if the measured dialysis occurs at night when 
the patient has no oral (or parenteral) intake, unless an 
adjustment is made for lower G, Kt/V may be increased 
falsely.13,14 To avoid these errors, modeling can be done with 
three BUN measurements, the third being performed at the 
beginning of the next dialysis treatment. In an oversimpli-
fied state in which there is no residual clearance and no 
weight change, the normalized protein catabolic rate (nPCR, 
the patient’s protein catabolic rate normalized to an ideal 
body weight based on V [g/kg body wt/day]) is a simple 
function of the rate of rise in urea concentration between 
treatments, as follows15:

nPCR
ti

= −







 +5420 0 170C C′

.

[6]

where C′0 is the second predialysis BUN (mg/mL), C is 
the postdialysis BUN (mg/mL), and ti is the time interval 
between dialyses (minutes). Measuring the third BUN also 
eliminates the mathematical coupling between Kt/V and 
nPCR found in two-BUN measurements.16 The generation 
rate and nPCR derived from Eq. 6 and more formal urea 
modeling apply only to the interval between the two dialysis 
treatments, but they can be useful, especially in febrile, 
injured, or corticosteroid-treated patients, in whom rates 
of net protein catabolism are expected to be high, or in 
patients receiving parenteral nutrition.17

ONLINE METHODS

The dose by urea kinetic modeling usually is calculated in 
retrospect, often several days after the treatment when the 
laboratory finishes measuring predialysis and postdialysis 
BUN values and returns the data. Because the essence of dose 
measurement as previously described is the dialyzer clearance 
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FIGURE 156.4 An abrupt increase in the dialysate concentration for 
approximately 3 minutes is followed by a similar decrease in 
concentration. The response to the change in inlet concentration 
d(CDi) observed at the outlet d(CDo) is related inversely to the ionic 
clearance as shown in Eq. 7. dc is the baseline gradient. See text 
for further explanation. (Modified from Polaschegg HD, Levin NW. 
Hemodialysis machines and monitors. In: Replacement of Renal 
Function by Dialysis. 5th ed. Dordrecht: Kluwer; 2005.)

TABLE 156.1

Urea Modeling: Data Required and Information 
Provided by Laboratory Performing the Modeling

Data required Predialysis BUN
Postdialysis BUN
Volume of fluid removed during the dialysis
Dialyzer manufacturer and model
Average blood flow
Average dialysate flow
Treatment time
Patient height and weight

Information 
provided

Effective dialyzer urea clearance
Delivered Kt/V
Patient’s volume of urea distribution
Patient’s urea generation rate
Patient’s protein catabolic rate
Quality assurance (comparison of prescribed 
with delivered Kt/V)

BUN, Blood urea nitrogen; Kt/V, clearance per dialysis.
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TIMING OF DIALYSIS INITIATION

Early initiation or prophylactic dialysis before the develop-
ment of symptoms and signs of kidney failure has failed 
to show a clinical benefit in patients with end-stage renal 
disease (ESRD), including survival. In patients with AKI, 
various prospective and retrospective uncontrolled trials 
have suggested that earlier dialysis results in better survival, 
but in the pilot phase of the Standard versus Accelerated 
Initiation of RRT in AKI (STARRT-AKI) trial, comparing a 
strategy of early start (within 12 hours of eligibility) with 
a strategy of delayed start, no difference in the primary 
outcome of 90-day all-cause mortality was observed. 
However, the study had inadequate statistical power to 
draw definitive conclusions.27 Another large, multicenter, 
observational study, the Program to Improve Care in Acute 
Renal Disease (PICARD), found that early initiation of 
dialysis may be associated with a survival advantage. In 
this study patients with a high degree of azotemia, defined 
as a BUN level greater than 76 mg/dL, had an increased 
risk of death at 60 days from the diagnosis of AKI.

Discontinuation of Therapy
RRT usually is continued until the patient manifests recovery 
of renal function, as demonstrated by improving urine 
output or by improving predialysis serum creatinine levels 
in patients treated with intermittent dialysis. If the creatinine 
clearance is more than 20 mL/min, renal support usually 
can be discontinued. Because creatinine concentrations 
may not be constant during the timed urine collection, 
the average concentration can be estimated by measuring 
serum levels at the beginning and end of the collection or 
by measuring at the midpoint.

SOLUTE DYSEQUILIBRIUM: AN IMPEDIMENT 
TO DELIVERING AN ADEQUATE DOSE

Removal of solute widely distributed in the body, via the 
blood compartment, depends on movement of solute from 
other compartments into the blood. The movement into 
the blood is caused by concentration gradients that result 
from the dialysis-induced reduction in blood concentrations. 
Although solute movement across the dialyzer membrane 
can be calculated easily on the basis of blood concentrations 
and dialyzer permeability, movement of solute within the 
body is less predictable. Fig. 156.6 highlights two diffusion 
processes: one a compilation of multiple pathways in the 
patient and the other across the dialyzer. Movement in each 
sphere depends on characteristics of the solute and of the 
diffusive pathways. Acting together, these two processes 
of diffusion cause a rapid decrease in solute concentration 
during dialysis and a rebound in concentration afterward 
(Fig. 156.7), neither of which is predicted by the mass 
balance model shown in Fig. 156.3.

The location of the most significant change in solute 
concentration during dialysis is within the dialyzer. The 
red cell component of blood flowing through the dialyzer 
represents the second pathway of diffusion that, for urea, is 
nearly instantaneous, owing to facilitated diffusion pathways 
(Fig. 156.8). Urea is a uniquely diffusible molecule for 
which transport pathways exist in erythrocyte and other 
cell membranes to facilitate its movement.28 Nearly all other 

transmembrane movement of small electrolytes, mostly 
sodium, that behave like urea. A step-up in sodium 
concentration followed by a step down while measuring 
conductivity changes in the effluent dialysate tends to 
eliminate the effect of cardiopulmonary recirculation and 
provides a sodium clearance that is similar to or only slightly 
less than the simultaneously measured cross-dialyzer urea 
clearance. To avoid errors from changes in clearance during 
dialysis, multiple ionic clearance measurements must be 
performed throughout the treatment.

DIALYSIS EFFICIENCY

The rapid fall and subsequent rise in solute concentration 
caused by intermittent scheduling of treatments provides 
a ripe opportunity for measurement that is not available in 
people with native kidney function, in patients managed 
with continuous peritoneal dialysis, or in patients undergo-
ing continuous renal replacement in the ICU. However, this 
advantage is offset by the reduction in dialysis efficiency 
when treatments occur infrequently.

The most efficient form of renal excretory replacement 
is the continuous process of solute removal provided by 
the native kidney. Efficiency can be defined as a ratio of 
effective output to energy input. In the case of dialysis, 
energy input is represented by the dialyzer clearance, and 
output is measured as a controlled reduction in solute 
concentrations. Regardless of the output measure selected, 
the effectiveness of intermittent solute removal, whether by 
diffusion (dialysis) or by convection (filtration), depends 
on the frequency of treatments, as shown in Fig. 156.5. The 
reason for this dependence is threefold:
1. Rapid removal causes solute concentrations to fall 

precipitously in the patient. This decline reduces and 
eventually extinguishes the solute gradient across the 
membrane, the driving force for dialysis.

2. Unfettered generation of a solute between dialysis treat-
ments raises its concentration independent of the vigor 
of dialysis. This accumulation of solute between treat-
ments limits the capacity of the dialysis to control solute 
concentrations in the patient.

3. For most solutes, high-intensity (high-clearance) dialysis 
causes a gradient to develop within the patient, further 
limiting delivery of solute to the dialyzer membranes.
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FIGURE 156.5 Effect of more frequent dialysis on solute levels. Despite 
no change in the weekly dialysis clearance, fragmenting the dose 
among more treatments (3×, 6×, 12×) results in a significant decline 
in peak, average predialysis, and mean solute concentrations. The 
most efficient treatment is the continuous mode (right). 
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the heart and lungs and back to the dialysis access device 
within a few seconds.34 Many investigators have postulated 
that this form of disequilibrium should be enhanced in 
critically ill patients because of vasoconstriction induced 
by endogenous and exogenous vasoactive agents. However, 
efforts to demonstrate an enhancement of dysequilibrium 
in patients in ICUs have shown only small differences.

Single-Pool Kt/V
Despite the shortcomings of the single-pool model depicted 
in Fig. 156.3 and described by Eq. 5, the dialyzer clear-
ances are reasonably accurate when dialysis is delivered 
three times weekly. The reason for this accuracy is the 
combined canceling effects of overestimating urea concentra-
tions during dialysis and underestimating concentrations 
during the rebound phase (see Fig. 156.7).4 Therefore, for 
accurate determination of dialyzer clearance (expressed 
as single-pool or spKt/V) with the single-pool model, the 
method for drawing the postdialysis blood sample must 
be consistent and timed to avoid errors because of access 
recirculation and cardiopulmonary recirculation.35 The 
method recommended by the National Kidney Foundation’s 
Kidney Disease Outcomes Quality Initiative (KDOQI) is to 
slow the blood pump to 100 mL/min for 10 seconds, then 
stop the pump, and draw the sample.36

Equilibrated Kt/V
To partially account for the effect of rebound, single-pool 
Kt/V has been modified to use the equilibrated postdialysis 
BUN value instead of the immediate postdialysis BUN.37–39 
The resulting equilibrated Kt/V (eKt/V) is proposed as a 
more accurate measure of the effect of dialysis in the patient 
(patient clearance).

Phosphorus

Phosphorus

U
re

a

U
re

a

C
re

at
in

in
e

C
re

at
in

in
e

Urea
transporter

FIGURE 156.8 Erythrocyte diffusion barriers within the dialyzer. 
Robust transporters allow urea to move freely across the red blood 
cell membrane. Lacking such transporters, creatinine diffuses at 
a slower pace and equilibrates incompletely during passage through 
the dialyzer. The membrane is impermeable to phosphorus. See 
text for further discussion. (Data from Lim VS, Flanigan MJ, Fangman 
J. Effect of hematocrit on solute removal during high efficiency 
hemodialysis. Kidney Int. 1990;37:1557–1562; Gotch FA, Panlilio 
F, Sergeyeva O, et al. Effective diffusion volume flow rates [Qe] 
for urea, creatinine, and inorganic phosphorous [Qeu, Qecr, QeiP] 
during hemodialysis. Semin Dial. 2003;16:474–476.)
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FIGURE 156.7 Potential problems with the single-compartment model. 
Blood urea nitrogen (BUN) levels measured every 15 minutes during 
and every 10 minutes after a single dialysis are lower during and 
higher after the treatment than predicted by the model. 
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FIGURE 156.6 Two membranes, two barriers to diffusion. Therapeutic 
hemodialysis requires two sites of solute exchange, one at the 
dialyzer-blood interface and the other at the patient-blood interface. 
For highly diffusible solutes, removal by the dialyzer tends to be 
limited by blood flow, whereas transport across cell membranes 
in the patient tends to be limited by membrane resistance. 

solutes diffuse less rapidly than urea within the body, a 
finding that probably explains much of the improvements 
in patient outcome that have been reported when dialysis 
frequency and treatment time are increased.29,30 The pattern 
of divergence from single-compartment predictions shown 
for urea in Fig. 156.7 is greater for nearly all other solutes. 
For example, creatinine diffuses only partially, and phos-
phate does not move at all across the erythrocyte membrane 
(see Fig. 156.8).31,32

Another form of disequilibrium, dictated by differences 
in blood flow among body compartments, further impedes 
solute removal.33,34 Independent of solute concentration 
gradients, this form of disequilibrium causes similar rapid 
reductions in solute concentrations during dialysis and 
contributes to the postdialysis rebound. The most prominent 
component of this flow-dependent disequilibrium is the 
cardiopulmonary circuit, which consists of a relatively 
small central blood volume rapidly circulating through 
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Kt/V of 1.3 per treatment. The weekly dose of dialysis 
recommended in the KDIGO guidelines is the arithmetic 
sum of the median delivered Kt/V of 1.3 per treatment, 
summed over the course of a week. If this target cannot be 
achieved, then the treatment frequency should be increased. 
Extensive outcome studies have established a dose ceiling 
below which patient outcome is coupled with the dose, 
and above which no additional improvement in measur-
able parameters of outcome, including hospitalization and 
mortality rates, can be discerned in population studies.7,46 For 
patients dialyzed more frequently or continuously, several 
outcome studies suggest improved survival. In addition, 
extrapolations based on small solute kinetics at lower fre-
quencies suggest that more frequent dialysis provides lower 
solute levels in the patient, and an expected improvement 
in outcome.36,41,47,48 These analyses also suggest that once the 
dialysis frequency is increased, the ceiling of responsiveness 
rises, and extending the treatment time provides further 
benefit that is not evident when the frequency is limited 
to three treatments per week.47,49 Increasing the dose of 
dialysis by doubling Kt/V does not double the amount of 
solute removed. This phenomenon explains the failure  
of higher doses in controlled clinical trials in outpatients 
such as the HEMO study. So more frequent dialysis makes 
more sense than increasing the per-dialysis dose. In the 
setting of acute renal failure, in which patients are often 
anuric, it is logical to expect that the same minimal doses 
should apply.5 However, compromises because of patient 
intolerance of dialysis, interruptions by other procedures, 
clotting in the dialyzer from withholding heparin, and 
disequilibrium in the patient have resulted in doses in the 
ICU that are often lower than doses considered minimally 
adequate for outpatient therapy (see Fig. 156.1).2,3,50 It is 
clear that the standard “3/3” approach—3 hours three times 
weekly—is inadequate for most patients in the ICU.51

PATIENT SIZE AND UREA VOLUME: 
IMPEDIMENTS TO DIALYSIS?

Total body water is a mathematically convenient denomina-
tor, but it may not be appropriate, especially because body 
surface area is more widely recognized as the appropriate 
denominator to normalize native kidney function and other 
physiologic functions.52,53 The concentration of uremic 
toxins in body fluids is thought to modulate toxicity and 
therefore the need for dialysis, but for first-order processes, 
the concentration is a function of generation and removal 
and does not depend on the space of distribution. For a 
patient whose clearance (K) is constant, and whose toxin 
generation rate (G) is equal to the removal rate, changes in 
the volume of distribution (V) have no effect on concentra-
tion in the steady state, or:

C
G
K

=

For example, an increase in V from edema formation or 
a decrease in V from muscle loss would not affect toxin 
concentrations after equilibrium is reached if all else remains 
constant. Larger animals and larger people logically require 
larger kidneys and more dialysis, not because of larger 
V but because of higher G. In general, patients receiving 
intensive care have expanded extracellular volumes.54,55 
But accumulation of edema fluid or expansion of the urea 
space56 is unlikely to affect G, so patients in the ICU with 

Standard Kt/V
Further modifications have sought to develop an expression 
for intermittent dialysis that would describe its effect as if it 
were given continuously, a continuous equivalent clearance, 
or continuous equivalent Kt/V.40–42 A widely used version, 
called standard Kt/V (stdKt/V), expresses the dose as a 
weekly clearance that would produce average predialysis 
urea concentrations identical to the constant concentration 
produced by a continuous clearance of the same magnitude.41 
When expressed as a continuous equivalent clearance, 
the dose is theoretically independent of the frequency or 
duration of dialysis, thus facilitating the comparison of 
outcomes in patients dialyzed more versus less frequently or 
undergoing short versus long treatment times. The patient’s 
residual kidney urea clearance (Kru) can be added to stdKt/V, 
and resulting in total Kt/V.

Urea Reduction Ratio
The urea reduction ratio (URR) is the fractional reduction 
in urea concentration during a single hemodialysis session:

URR Predialysis BUN Postdialysis BUN
Predialysis BUN

= −( )

It is related mathematically to Kt/Vurea but does not 
include convective clearance, residual renal clearance, 
and urea generation during the treatment.

LIMITATIONS OF KT/V

Kt/V may disadvantage women and smaller patients in terms 
of the amount of dialysis received. Normal kidney function 
is expressed as the glomerular filtration rate (GFR). GFR 
usually is normalized to body surface area, but a man and 
a woman of similar body surface areas will have markedly 
different levels of total body water (which corresponds to 
V). Also, smaller people of either sex have markedly lower 
levels of V, but only slightly lower body surface area. For 
this reason, any dialysis dosing system that is based on 
V may tend to underdose smaller patients and women. 
Some investigators have proposed dosing based on surface 
area (S) instead of V,43 but clinicians usually measure the 
pre- and post-BUN and then calculate Kt/V. After doing 
so, the Kt/V can be adjusted, to calculate a “surface-area-
normalized” (SAN)-Kt/V as well as a SAN-standard Kt/V. 
This puts a wrapper around Kt/V and normalizes it to body  
surface area.44

MINIMUM DOSE, FREQUENCY, AND 
TREATMENT TIME

Dosing is based upon the dose delivered per session, as 
well as the frequency of sessions. No prospective studies 
have looked at the impact of dose per session in AKI. The 
2012 KDIGO guidelines for AKI recommend delivering a 
minimum Kt/V of 1.3 per treatment = 3.9 per week for 
patients undergoing intermittent therapy. This recommenda-
tion is based on the Veterans Affairs (VA)/National Institutes 
of Health (NIH) Acute Renal Failure Trial Network study.45 
The targeted dose of IHD in both treatment arms in the study 
was a Kt/V of 1.2 to 1.4 per treatment with median delivered 
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more popular in outpatient dialysis clinics because it may 
preserve residual renal function for a longer time. If the 
patient loses residual renal function, then more frequent 
dialysis must be provided.

DRUG DOSING DURING AND  
BETWEEN TREATMENTS

Intermittent treatments are often intense, achieving high 
clearance rates for urea and other small solutes, especially 
when the frequency is limited to three treatments per week. 
Because drugs given intravenously may achieve high initial 
plasma concentrations, infusions usually are restricted to the 
interval between dialysis treatments or are given near the 
end of the treatment to avoid losses through the dialyzer.61 
If plasma protein binding is not limiting, removal during 
dialysis can be accelerated, requiring a supplemental dose 
after or during the treatment.62,63 Documents supplied by 
the pharmaceutical company usually indicate when such 
supplements are required. Significant rebound in plasma 
concentrations can be expected for most drugs, so blood 
samples taken immediately after dialysis may give falsely 
low trough concentrations (e.g., gentamicin).64 Waiting 
a variable time, usually 30 to 60 minutes, after dialysis 
results in higher, more representative drug concentrations. 
Drugs that depend on renal function for elimination can be 
expected to have prolonged half-lives between treatments 
similar to those in patients with advanced renal failure that 
does not yet require dialysis (stage 4 chronic kidney disease).

SIMPLIFIED METHODS

To circumvent the need for complex mathematical programs 
and equipment and to provide tools for quick bedside 
estimates, simplified approaches to urea modeling have 
been developed to calculate Kt/V, eKt/V, and nPCR.37,65,66 
The most commonly used is the Daugirdas formula for 
calculating Kt/V, as follows65 :

K V R UF Wt In R= − − + −( . ) ( . )0 03 4 3 5

[8]

where R is the ratio of postdialysis/predialysis BUN, UF is 
the total ultrafiltrate volume in liters/dialysis, and W is the 
patient’s weight in kilograms. The equilibrated Kt/V (see 
eKt/V discussed previously) can be calculated from spKt/V 
by means of one of several formulas, each of which gives 
a result that is only slightly different from the others.37–39 
The first formula of this type was developed and validated 
during the recent National Institutes of Health–sponsored 
HEMO Study. Called the “rate equation” because it is based 
on the rate or intensity of dialysis (K/V), this formula is as  
follows37:

e t sp tK V K V K V= − +0 6 0 03. .

[9]

These two Eqs. (8 and 9) were developed for treatments 
given three times weekly and should not be applied to 
treatments given more frequently. For more frequent dialysis, 
the following simplified approach to calculating standard 
Kt/V (see stdKt/V discussed previously), using spKt/V, eKt/V, 

expanded extracellular volumes should not require more 
dialysis for purposes of solute removal.

HEMODIALYSIS VERSUS HEMOFILTRATION

Convective clearance by hemofiltration is discussed in more 
detail in other chapter. For purposes of adequacy testing, 
however, if hemofiltration is applied intermittently with 
either prefilter or postfilter dilution, the method of measuring 
adequacy is similar to that for hemodialysis. Measurements 
of BUN before and after treatment provide the input for urea 
modeling to assess the adequacy of small solute removal. 
In addition to urea and other small solutes, attention often 
is directed to larger solutes that hemofiltration has the 
potential to remove more efficiently than hemodialysis. 
However, diffusive clearance remains the major transport 
mechanism within the patient regardless of the method of 
removing solute in the extracorporeal circuit (see Fig. 156.6). 
Consequently, increasing the intensity of removal by using 
a larger dialyzer, a larger filter, a more permeable filter, or 
higher flow rates can have significant limitations.47 Ward 
et al. showed that a sevenfold increase in extracorporeal 
clearance had only a modest effect on β2-microglobulin 
removal and solute levels in patients when treatment was 
administered three times weekly.57 However, levels fell 
significantly when the same dose was administered more 
frequently. To make more effective use of devices that clear 
larger, poorly diffusible substances, the frequency of treat-
ments must increase, followed by an increase in treatment 
time; the former must precede the latter.

ACCOUNTING FOR RESIDUAL CLEARANCE

Residual kidney function (Kru) is an important predictor of 
survival in hemodialysis patients. Logically, if the patient’s 
native kidneys clear small solutes, their clearance (Kr) should 
be added to the dialyzer clearance (Kd) during treatment. No 
objections to this addition have been raised, but methods 
differ for adding the continuous clearance afforded by the 
native kidneys between treatments. Because a continuous 
clearance removes solute more efficiently than an intermittent 
clearance (see preceding discussion), simple addition of Kd 
× td to Kr × ti underestimates the effect of the native kidney 
(td being the treatment time and ti the interdialysis time).

Two methods for resolving this inequity have been 
proposed. The first and original method is an inflation of 
the native kidney clearance before adding Kr × ti.58 The result 
is a dialyzer equivalent clearance that, if provided by the 
dialyzer alone, would result in approximately the same solute 
concentrations. More recently, the continuous equivalent 
of intermittent clearance (see standard Kt/V, discussed 
previously) has been used as a measure of dialysis. Because 
stdKt/V can be treated as a continuous clearance, residual 
kidney clearance can be added to it directly. For example, 
if stdKt/V is 2.0/week, and Kr (urea) is 3 mL/min in a 35-L 
patient, the combined stdKt/V is calculated as follows:

2 0 3
10 080

35 000
2 9. ( min)

, min
,

.week mL
week

mL
week+ × =

So if the patient has good residual renal function and the 
combined Kru and spkt/V is above goal, then the dialysis 
frequency can be less often.59,60 This approach is becoming 
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therapy in the ICU, his or her primary responsibility is 
to maintain low tissue concentrations of uremic toxins  
in patients by ensuring adequate removal of small solutes. 
Other issues also must be addressed, but the primary  
focus must be on solute removal. Each patient is different, 
so the clinician must tailor renal replacement therapy to 
the individual patient’s needs, making adjustments in the 
timing, frequency, duration, flow rates, and other parameters 
to fit, keeping in mind the dictum to first do no harm, and 
remembering that the prescribed dose of dialysis is often 
lower than the dose ultimately delivered to the patient.2,50

Key Points

1. Solute removal is the major goal of renal replace-
ment therapy.

2. Rapid changes in solute concentrations caused by 
intermittent renal replacement therapy provide an 
opportunity to easily measure the replacement dose 
as well as the patient’s solute generation rate and 
volume of distribution.

3. Disequilibrium within the patient limits the effi-
ciency of intermittent renal replacement therapy.

4. Increasing the frequency of renal replacement 
therapy theoretically raises its ceiling of effective-
ness and increases the benefits from extending 
treatment time.

5. The primary responsibility of clinicians managing 
the patient who has lost kidney function is to 
maintain low levels of toxic solutes in the patient.
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frequency (N per week), and treatment time (t), has been 
proposed39,41:

stdKt V t

spKt V Nt

eKtV
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−

− + −

−

−

10 080
1

1 10 080
1

,

,

e

e
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This formula assumes a symmetric week (i.e., that the time 
intervals between each dialysis treatment are equal). The 
formula has not been tested thoroughly but at present is 
the simplest available.

OTHER BENCHMARKS OF ADEQUACY

Replacement of kidney function entails more than renal 
excretory function. Physiologists have taught us for several 
decades that the kidney’s responsibility is to maintain the 
integrity of the internal milieu. Although excretion is a major 
part of that job, control of electrolyte concentrations, acid-
base balance, and calcium-phosphate-magnesium balance 
must be included. Replacement of renal hormones cannot be 
ignored, and control of water volume is critical, especially 
in patients with multi-organ dysfunction. Experience in 
the outpatient clinic has shown, with respect to small 
solute control, that renal replacement therapy should be 
considered only barely adequate. It prevents immediate 
death from uremia but leaves the patient susceptible to 
cardiovascular disease, infection, and other complications 
that are reflected in the high yearly mortality rates. Rates 
of mortality in patients undergoing dialysis in the ICU are 
even higher than in outpatients and than in patients in 
the ICU who do not have kidney failure, suggesting that 
renal replacement therapy is incomplete. Experience with 
more frequent and continuous replacement techniques is 
encouraging, and renal hormone replacement has improved 
markedly the tolerance of dialysis and has reduced mortality. 
Additional efforts are needed to search for other renal factors 
that require replacement and to examine the role of poorly 
dialyzed larger solutes (e.g., polypeptides) and protein-bound  
solutes.

CONCLUSION

While considering all the known and unknown risks affect-
ing survival in critically ill patients, the nephrologist must 
remember that for patients requiring renal replacement 
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