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Hemodialysis Adequacy

Hyunwook Kim, M.D,

Division of Nephrology, Department of Internal Medicine,
Wonkwang University College of Medicine Sanbon Hospital

What is “adequate” dialysis?

@ Dialysis treatment is defined “adequate” when it permits the patients
v To be fully rehabilitated
v To have a satisfactory nutritional intake and a sufficient production of RBCs
v To maintain normal blood pressure values

v To prevent the development of neuropathy
De Palma JR et al. N Engl J Med 1971,285:353-354

©

Until 1974, nephrologists frequently prescribed hemodialysis (HD) based
on clinical judgment, often paying more attention to fluid balance than to
the need to remove metabolic waste product.
v’ Although still valid, this approach is subjective and has the drawback
of a possible late diagnosis of underdialysis.

Until 1974, practice varied widely from center to center, with treatment
times varying from as little as 6 to as many as 48 hours per week.

A National Cooperative Dialysis Study (NCDS)
: The First Attempt to Define Adequate Hemodialysis Dose

@ The National Institute of Health (NIH)-sponsored conference on Adequacy
of Dialysis held in 1975
¥" Conclusion:
v “A carefully controlled multicenter cooperative study was required to
determine if quantitative relationships between residual morbidity and
the magnitude of dialysis prescribed could be established.”

@ A National Cooperative Dialysis Study (NCDS, conducted from 1978 to
1980) was undertaken subsequently as a large-scale, carefully controlled
study with comprehensive monitoring of multiple treatment and outcome
variable.

1. Low TAC BUN (50 mg/dl) + a long HD time (4.5-5.0 hrs)

2. High TAC BUN (100 mg/dl) + a long HD time (4.5-5.0 hrs) |

3. Low TAC BUN (50 mgy/dl) + a short HD time (2.5-3.5 hrs)

4. A short HD time (2.5-3.5 hrs) |

Lowrie EG et al. N Engl J Med 1981,305:1176-1181

A National Cooperative Dialysis Study (NCDS)
: The First Attempt to Define Adequate Hemodialysis Dose

@ Independent variables:
* Urea nitrogen averaged with respect to time (TAC,,.,)
« Anintegrated parameter computed as the mean BUN during a full dialysis cycle

Weekly blood urea nitrogen profile
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Lowrie EG et al. N Engl J Med 1981,305:1176-1181

A National Cooperative Dialysis Study (NCDS)
: The First Attempt to Define Adequate Hemodialysis Dose

Diagrammatic representation of the single-pool model for urea nitrogen

V (the volume of urea distribution) ey

KXC

G (net rate of
urea generation)

X C (the concentration of urea nitrogen)

o G = ©(AC X V)/2,646 [interdialytic time interval (mins)]
« G: net urea generation rate (mg/min)
«  AC: the change in BUN during dialysis [(pre-dialysis BUN) - (post-dialysis BUN)]
* V:urea distribution volume

@ Protein catabolic rate (PCR, g/day) is calculated directly from G
« PCR=9.35XG+0.00029 X V (mi)

@ TAC,,.={C,(1+exp[-KdXTd/V]}/2

« Cy: pre-dialysis BUN (mg/mi)

»  Kd: dialyzer clearance

« Td: dialysis time

+  V:urea distribution volume

Lowrie EG et al. N Engl J Med 1981,305:1176-1181
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A National Cooperative Dialysis Study (NCDS)
: The First Attempt to Define Adequate Hemodialysis Dose

@ A National Cooperative Dialysis Study (NCDS, published in 1981) was
undertaken subsequently as a large-scale, carefully controlled study with
comprehensive monitoring of multiple treatment and outcome variable.
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== [ 3 Low TAC BUN (60 mg/dl +a short HD time (25-35hrs) |

T | 2 High TAC BUN (100 mg/dl) +a long HD time (45-5.0 hrs) l

[ 4.4 short HD time (25-3.5 hre) |
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Lowrie EG et al. N Engl J Med 1981,305:1176-1181

Mortality and Duration of Hemodialysis Treatment
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A National Cooperative Dialysis Study (NCDS)
: A Mechanistic Analysis of the NCDS

@ The most important lessons from NCDS are summarized as
v The importance of small molecule clearance, which forms the basis of current
standards of adequacy
v’ The delivered dose of dialysis can and should be quantified.
o Limitation:
o Iteration with a
TACurea computerized modet.
(Cu + Cor) @T = W) + (Cip + Cu) T = 1) + (Cyy + Cu) BT — 1) o  Difficult to be applied to
4T - 61 daily practice
| e o Alow urea value fails to
e i distinguish the well
dialyzed patients form
the malnourished one.
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A mechanistic analysis of the National Cooperative Dialysis
Study (NCDS)

FRANK A. GoTCH and JOHN A. SARGENT

Raboh K. " P Caliorni.
. e NCDS.

Emerile, Calgorni, USA

Gotch FA et al. Kidney Int 1985,28:526-534

A National Cooperative Dialysis Study (NCDS)
1 A Mechanistic Analysis of the NCDS

@ Kt/V can be considered to be a more fundamental mechanistic parameter of the level
of dialysis prescribed compared to BUN which represents the concentration of a
single relatively non-toxic solute.

Weekly blood urea nitrogen profile
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BUN = Nutrition/Treatment = F[PCR/Kt/V]

Gotch FA et al. Kidney Int 1985,28:526-534

A National Cooperative Dialysis Study (NCDS)
1 A Mechanistic Analysis of the NCDS

@ Thus, Kt/V is a basic, generalizable dialysis parameter and serves as the basis of the
mechanistic analysis reported here (formal urea kinetic modeling).

« KtV = -In[1-(0.49 X nPCR - 0.16)/ pre-dialysis BUN]

@ The probability of dialysis failure was a constant step function of Kt/V: it was higher
when Kt/V was < 0.8 and abruptly decreased when it was > 0.9.

[ o

Gotch FA et al. Kidney Int 1985,28:526-534

A National Cooperative Dialysis Study (NCDS)
: A Mechanistic Analysis of the NCDS

@ The concept of Kt/V,,, ., as an index of dialysis evolved from the NCDS but
is essentially a part of the first order kinetic expression describing the fall in

urea concentration during dialysis.

[-ow TAC 50N 50 mgiab +tomg D wre 0|

[ 3 Low TAC BUN G0 mg/an +a short HD tine 25-35hrs) |
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= | 2 High TAC BUN (100 mg/dl) +a long HD time (45-5.0 hrs) I

2 [ 4.4 short HD time (25-3.5 hrs) |

B¥3883885%5
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Gotch FA et al. Kidney Int 1985,28:526-534
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A National Cooperative Dialysis Study (NCDS)

: Second L i of Single-Pool Variable Volume Kt/V

@ The preferred method for measurement of the delivered dose is formal urea kinetic

modeling (UKM). Other methods may be used provided they give similar results and
do not significantly overestimate the modeled dose.

@ However, formal UKM requires accurate measures of:

@ Predialysis and postdialysis BUN for the first dialysis treatment of the week and the
predialysis BUN for the second dialysis session of the week in a thrice weekly hemodialysis
schedule.

o Predialysis and postdialysis weights at the time of the first hemodialysis treatment of the

week.

The actual treatment time, ie, the exact number of minutes during which the hemodialysis

treatment was delivered on the first dialysis treatment of the weel

o The effective clearance of the dialyzer as measured in the hemodialysis unit (nof the in
vitro clearance value reported by the manufacturer alone).

°

A National Cooperative Dialysis Study (NCDS)
: Second jon L i i i of Single-Pool Variable Volume Kt/V

@ The preferred method for measurement of the delivered dose is formal urea kinetic
modeling (UKM). Other methods may be used provided they give similar results and
do not significantly overestimate the modeled dose.
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A National Cooperative Dialysis Study (NCDS)
: Second jon L i i i of Single-Pool Variable Volume Kt/V

@ The preferred method for measurement of the delivered dose is formal urea kinetic

modeling (UKM). Other methods may be used provided they give similar results and
do not significantly overestimate the modeled dose.

© More simpler, alternative methods were also accepted.

+ Second generation logarithmic estimates of single-pool variable volume Kt/V by
Daugirdas JT.
+  Daugirdas JT. J Am Soc Nephrol 1993,4:1208-1213

* Kt/V=-In(R-0.008X¢t)+(4-3.5XR)XABW/BW
* R: the ratio of postdialysis BUN to predialysis BUN.
- t: time of dialysis in hours
* BW: body weight.

The Meaning of KT/V as a Marker of Dialysis Adequacy

K: the dialyzer blood water urea
clearance (L/hour)

T: Treatment session
length (hours)

X]

Volume of plasma

cleared (L)

(A dimensionless ratiV\KT over V)
I The distribution volume of urea (L)

yAY,

The Meaning of KT/V as a Marker of Dialysis Adequacy

KT/V

(A dimensionless ratio, KT over V)

s
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Plasma Volume
cleared of Urea
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Volume of Urea
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during session
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The Meaning of KT/V as a Marker of Dialysis Adequacy

@ Factors affecting the blood urea water urea clearance (K)

v’ Effect of the blood flow rate

v Effect of dialysis solution flow rate

v’ Effect of dialyzer efficiency

= The dialyzer mass transfer area coefficient, K A: the efficiency of a given
dialyzer in removing any solute can be described by a constant KA

= K,: the permeability constant of the membrane material for a given solute
= A: the effective surface area

Dialyzers with K A values > 700 are used

for “high-efficiency” dialysis

i « A high efficiency dialyzer is

I I — basicatly a big dialyzer that by

1 virtue of its larger surface area has
a high ability to remove urea.

+ These membranes may have either

small or large pores

Dialyzers with KUF (coefficient of

o = ultrafiltration) values > 10 mL/hrimmHg,

and usually 20 mL/hr/mmHg are used for

“high- flux” dialysis

+ These membranes have large pores

invivo .
Diaysate flow = 500 mUmin KA

K (Caararce, mUmin)
38
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The Meaning of KT/V as a Marker of Dialysis Adequacy

@ Dialyzers with K A values > 700 are used for “high-efficiency” dialysis

* A high efficiency dialyzer is basically a big dialyzer that by virtue of its larger
surface area has a high ability to remove urea.

* High efficiency dialyzers may have either small or large pores

@ Dialyzers with KUF (coefficient of ultrafiltration) values > 10 ml/hr/mmHg,
and usually 20 ml/hr/mmHg are used for “high-flux” dialysis
* High-flux membranes have large pores
+ High-flux membranes also have high water permeability.
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In vitro ures clearance

The Meaning of KT/V as a Marker of Dialysis Adequacy

@_Dialyzers with K A values > 700 are used for “hi

Dialyzers with KUF (coefficient of ultrafiltration) values > 10 ml/hr/mmHg, and
usually 20 ml/hr/mmHg are used for “high-flux” dial)
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Which Targets of Dialysis Dose Should Be Achieved?

@ In the secondary mechanistic analysis of the NCDS data, the probability of
dialysis failure was a constant step function of Kt/V,.,
+ Itwas higher when Kt/V,,., was < 0.8 and abruptly decreased when it was > 0.9.

* Asa consequence, Kt/V,,, >1.0 per HD treatment was considered of no apparent
clinical value.

0z 03 o4

per, gkgiday

Which Targets of Dialysis Dose Should Be Achieved?

@ Does more than 1.0 of Kt/V provide further benefits in outcomes of HD
patients?
*  Keshaviah suggested that benefit of a KE/V > 1.2 (1983).

- Anincrease in the quallty adjusted life expectancy of HD patients with increasing K¢/V up
to a value of 2.0 (1993).

« In the diabetic patients, Kt/V > 1.4 was associated with a lower risk of death even
compared with the Kt/V range of 1.2-1.4 (1994).

* A progressively decreasing risk of death with increasing single-pool Kt/V values up to 1.8
has been reported by a survey of the Japanese Patient Registration Committee from data of
over 50,000 HD patients (1997).

«  The recent preliminary results of the DOPPS study are in line with the theory of a
progressive benefit from increasing dialysis dose, by showing that increasing Kt/V is
beneficial up to a double-pool Kt/V of 1.4 (roughly ling to a single-poot Kt/V of
1.6) (2000).

The HEMO study (2002)

@ Guidelines until 2002 target urea-reduction ratio of at least 65 percent or a single-pool
Kt/V of at least 1.20.
+ The NCDS was performed prior to the wid d dissemination of current
technologies as followings
» Ultrafiltration control
> Bicarbonate dialysate
» Variable dialysate sodium programming

» Biocompatible dialysis membrane materials.

+ Diabetics and patients over the age of 70 were excluded from the NCDS.

+ Uncontrolled retrospective studies suggested an improved survival with greater
delivered doses of hemodialysis (up to Kt/V 1.2 and URR of 65%).

© Therefore, this landmark study was planned to determine whether increasing the dose
of dialysis or using a high-flux dialyzer membrane alters survival or morbidity among
patients undergoing HD (total 1,846 patients)
+ Standard-dose HD vs. high dose HD (spK£/V of 1.32 vs. KE/V of 1.71;
+  Low flux HD vs. high flux HD

Eknoyan G et al. N Eng J Med 2002,347:2010-2019

The HEMO study (2002)

@ Methods
« The target equilibrated Kt/V was achieved by manipulating
> The duration of the treatment session
> The dialyzer clearance commensurate with ultrafiltration requirements.
« Dialysis was provided in as short a time as possible but not less than 2.5 hours.

TABLE 2. MEAN CHARACTERISTICS OF TREATMENT DURING FOLLOW-UP.*

HIGH-DOSE Low-FLux HIGH-FLUX
ROUP Group RoUP
TREATMENT VARIABLE (N=920) (N=925) (N=921)
Duration of dialysis session (min) 206+28
Rate of blood flow (ml/min) 34453
233+27
48.2+10.1
Single-pool Kt/ V 151}0.22
E d Ke/Vt 134+021
Urea-reduction ratio (%) 70.6+5.1
Blood urea nitrogen before dialysis (mg/dl) 5862135
Rate of beta,-microglobulin clearance (ml/min) 183+168 34272
Total beta,-microglobulin clearance /dialysis session 40%3.6 07+15

(liters)

Eknoyan G et al. N Eng J Med 2002,347:2010-2019
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The HEMO study (2002)

@ The landmark study to determine whether increasing the dose of dialysis or
using a high-flux dialyzer membrane alters survival or morbidity among
patients undergoing HD (total 1,846 patients)

+ Standard-dose HD vs. high dose HD (spK¢/V of 1.32 vs. Kt/V of 1.71
+  Low flux HD vs. high flux HD

>
g

— Standard dose
= High dose

Patients Surviving (%)

Mo. of Follow-up

Mo. of Follow-up

Eknoyan G et al. N Eng J Med 2002,347:2010-2019

KDOQI Hemodialysis Adequacy Guidelines 2006
- Minimally Adequate Hemodialysis

@ The delivered dose of HD should be measured at regular intervals no less
than monthly. (A)

@ The minimally adequate dose of HD given 3 times per week to patients
with Kr less than 2 mL/min/1.73 m? should be an spKt/V (excluding RKF) of
1.2 per dialysis. For treatment times less than 5 hours, an alternative
minimum dose is a URR of 65%. (A)

@ The target dose for HD given 3 times per week with Kr less than 2
mL/min/1.73 m? should be an spKt/V of 1.4 per dialysis not including RKF,
or URR of 70%. (A)

KDOQI Hemodialysis Adequacy Guidelines 2006
- Methods for Predialysis Blood Sampling

@ Both samples (predialysis and postdialysis) should be drawn during the
same treatment session. (A)

@ The risk of underestimating predialysis BUN level because of saline
dilution or by sampling the blood after treatment has begun should be
avoided. (A)

Table 5. Recommended Predialysis Blood-Drawing Procedure
A When using an AV fistula or graft
1. Obtain the blood specimen from the arterial needle prior (o conneciing the arferial blood
tubing or flushing the needle. Be sure that no saine and/or heparin is n the arteria needle:
and tubing prior to drawing the sample for BUN measurement,
2. Do not draw a sample for use as a predialysis measure of BUN if HD has been iniated,
B_When using a venous catheter
1. Using sterile technique, using a 5 mL syringe, withdraw any heparin and saline from the
arterial port of the catheter, along with blood, to a total volume of § mL.#72 Discard the
contents of this syringe.
2. Connecta yring
3. Complete initation of HD per dialysis cinic protocol.

BUN

¥ ¥
KtV = In(C,/C,)

- Assuming zero ultrafiltration and no urea generation during the dialysis

KDOQI Hemodialysis Adequacy Guidelines 2006
- Methods for Postdialysis Blood Sampling

@ The risk of underestimating the postdialysis BUN level because of access
recirculation (AR) should be avoided by
+ First slowing the blood flow through the dialyzer to a rate at which AR is
expected to be minimal (100 mi/min) for a period long enough to ensure that
unrecirculated blood has advanced to below the sampling port (usually 15
seconds). (A)

BUN, mg/al
BUN (mg/di)

time (minutes postdialysis)

Time, minutes

T 3
KtV = In(C,/C,)

- Assuming zero ultrafiltration and no urea generation during the dialysis

KDOQI Hemodialysis Adequacy Guidelines 2006
- Methods for Postdialysis Blood Sampling

@ The risk of underestimating the postdialysis BUN level because of access
recirculation (AR) should be avoided by
+ First slowing the blood flow through the dialyzer to a rate at which AR is
expected to be minimal (100 mi/min) for a period long enough to ensure that
unrecirculated blood has advanced to below the sampling port (usually 15
seconds). (A)

P
Qb ' Qb“ §
g

Aterial Side Venous Side

time (minutes postdialysis)

A= B: usually within 20 seconds, less than 1 min
B = C: 2to 3 minutes after slowing the pump

C = D: 3 minutes to 30 ~ 60 minutes

T 3
KtV = In(C,/C,)

- Assuming zero ultrafiltration and no urea generation during the dialysis

KDOQI Hemodialysis Adequacy Guidelines 2006
- Methods for Postdialysis Blood Sampling

@ The risk of underestimating the postdialysis BUN level because of access
recirculation (AR) should be avoided by
+ First slowing the blood flow through the dialyzer to a rate at which AR is
expected to be minimal (100 mi/min) for a period long enough to ensure that
unrecirculated blood has advanced to below the sampling port (usually 15
seconds). (A)

Table 6. Slow-Blood-Flow Method for Obtaining the Postdialysis Sample
A Drawing the sample from the blood line sampling port
1. Atthe completon of HD, turm off th dialysate flow and decrease the UFR fo 50 mUr, fo he lowest
TMP/UFR setting, or off. If the dialysis machine does not allow for turning off the dialysate fiow, or if doing

2. Decrease the blood flow to 100 mLimin for 15 s (longer f the bloodiine volume to the sampling port exceeds
15 mL). To prevent pump shut-off s the blood flow rate is reduced, it may be necessary to manually adjust
the Atthis poit, your sample. You can either shut off
the blood pump before sampiing, orleave t running at 100 mLimin while the sample is being drawn.

After already stopped) p P

3 ,
disconnection procedure 2s per dilysis cinc protocol
B. Method that avoids use of an exposed needle: Drawing the sample from th
tubing using a syringe or vacutainer device.
Proceed wih steps (1) and (2) s per A above.

rial needle

2. Aferthe 155 period (a slow-flow period the small volume in the arterial
needle tubing of recirculated blood), Clamp the arterial and venous lines. Clamp
the Disconnect the blood ing from the inlet bloodiine,

a
syringe or a Vacutainer wilh a Luer-Lok type connection to the arterial needle tubing (or arterial port of the

obtain
3._Proceed with step (3) as in section A above.

TP Transmembrane pressure; UFR Ulrafiraton rate
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Take-Home Messages (1)

@ Measuring the clearance of solutes that accumulate in patients with uremia
has become the mainstay for calculating the dose of dialysis and
determining its adequacy as delivered.

+ Precise standards and goals of dialysis adequacy are based on
« Clearance of urea, a byproduct of protein catabolism, which can be readily and

and reg d as “KT”

« The volume of distribution of urea, which is neither lipophilic nor highly protein-
bound, reflects total body water “V”.

KT/V

(A dimensionless ratio, KT over V)

Take-Home Messages (2)

@ The minimally adequate dose of HD given 3 times per week to patients
with Kr less than 2 mL/min/1.73 m? should be an spKt/V (excluding RKF) of
1.2 per dialysis. For treatment times less than 5 hours, an alternative
minimum dose is a URR of 65%.

+ Preferably, the target dose should be an an spKt/V of 1.4 per dialysis not
including RKF, or URR of 70%.

@ When dialysis adequacy is assessed by using predialysis and postdialysis

BUN measurements, blood samples should be drawn by using certain
acceptable procedures.
« Postdialysis BUN sampling is more important and sensitive procedure for an
accurate estimation of dialysis adequacy than predialysis BUN sampling.
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