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The kidney has
many functions (Fig 1) (1).
Some of them are control
of vitamin D production,
erythropoietin production,
acid-base balance, free
water homeostasis,
regulation of the renin-
angiotensin system, solute
balance, excretion of
uremic toxins, filtration of
plasma, and many others
(5, 6,7). As the kidney
function goes down, all of
these diverse functions of
the kidney go down, too.
Vitamin D production
decreases, erythropoietin
production decreases
leading to decreases in
hematocrit, acid excretion

decreases leading to metabolic acidosis, the capability of maximum urine osmolality and

Solute balance

Fig.1  Functions of the kidney
Filtration
Renin-angjotensin Erythropoietin
system production
1,250HVit D Free water
pf(xfucﬁon hOImtaSiS
Acid-base Excretion of
balance uremic toxics

minimum urine osmolality decreases and approaches plasma osmolality, the renin-
angiotensin system gets activated, the body starts getting on positive balance of solutes

like

Eﬁfffﬁ;um’ Table 1 Parameters to follow with decreased

excretion of renal function

uremic toxins

is impaired

(see Table 1)
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decreased by 50% or more before we can start observing anyone of these abnormalities.
Moreover, some of these parameters can be affected by other physiologic or
pathophysiologic processes in the body. For example, the hematocrit can decrease

because of gastrointestinal bleeding, iron deficiency, hemolysis, etc., and not necessarily




due to a decrease in renal function (see Table 1). For these reasons it is not practical to
use them as accurate markers of renal function, and we end using glomerular filtration as
a very specific parameter to follow general renal function.

The
more frequent
method that we
use to estimate
glomerular
filtration rate is
clearance. The
concept of
clearance starts
with the
statement that
excretion of a
substance x
from the body in
a determined
period of time,
is equal to the
concentration of
X in the body,

Fig. 2
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multiplied by the volume of the body that gets completely cleared of x in a determined
period of time. As you can realize, clearance of x (Cly) is a virtual volume of the body
that is getting cleared completely of a substance x over a specific period of time (8, 9). If
this concept is true, then you can resolve the equation for clearance of x. Clearance of x
will be equal to the excretion of x over a determined period of time, divided by the

Fig. 3
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concentration of x in
the body (see Fig.2).
If we then
focus on renal
clearance, then
excretion of x will
become urinary
excretion of a
substance x (e.g., Ux x
V), the concentration
of x will become the
plasma concentration
of x (e.g., Py) as this is
the volume that the
kidney is clearing
from, and clearance
will become the
volume of plasma that
is getting completely



cleared of x over a determined period of time (see Fig. 3). The concept of clearance
could then be a good approximation of glomerular filtration rate (GFR). However, the
kidney can filter substance x and after filtering it, some of substance x can be secreted or
reabsorbed. If the kidney filters and secretes substance x, Uy x V will be more than what
it would have been if
Concept of clearance only filtration would
have occurred. In this
situation Cly will
overestimate GFR. On

G S 100 el the other hand, if the
kidney filters and
50 2.0 100 100 reabsorbs substance x,
Ui x V is going to be

4 i less than what it would
. & 100 1.5 150 150 have been if only

o filtration would have
occurred. Now Cl, will
be an underestimation
of GFR. Only if the
kidney filters substance
x, then Cly will be equal

. Ix] Excretion, Production,

50 3.0 150 150

to GFR.

Another way of looking at the concept of clearance is revealed by resolving the
equation for concentration of x. The concentration of x is inversely related to clearance
of x and directly related to excretion of x. Excretion of x is equal to production of x in a
steady state situation. In other words, the lower the clearance of x, the higher the
concentration of x will be when a new steady state is achieved, and vice versa. Also, if
the clearance is constant, then concentration of x will be determined by excretion of x,
which in steady state is equal to production of x. Therefore, consider two hypothetical
situations of two individuals (see Fig. 4), one small size and the other large sized, both
with the same clearance of x of 100 volume/time. The production of x in the small
individual is 100 mass/time which is equal to excretion of 100 mass/time in steady state.
Because concentration of x is equal to excretion of x divided by clearance of x, then you
can calculate that concentration of x is 1mass/vol. If the clearance goes down to 50
volume/time, then after going through the same calculation, the new concentration of x
will be 2 mass/volume once the new steady state is achieved. Now, the large individual
has a production of x of 150 mass/time that equals excretion of x of 150.mass/time in
steady state. Using the same equation we can calculate the concentration of x to be 1.5
mass/volume compared to 1.0 mass/volume in the small individual. Similarly, if the
clearance of x decreases to 50 volume/time, then the concentration of x will go up to 3.0
mass/volume, compared to 2.0 mass/volume in the smaller individual. Consequently, we
can conclude that clearance of x is a better way of approximating GFR than the
concentration of x as, for equal levels of clearance, the concentration of x can be very
different in different individuals.



The concept of

clearance is also valid in ; Concept of clearance

the setting of non-steady kig. 3 —

state (see Fig. 5), for | GFR Cl, [x] Excretion, Production
example in the situation

of acute renal failure. If 100 100 I L 00
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concentration of x to rise slowly. First the concentration of x will go up to 2
mass/volume but considering that clearance is 10 volume/time, the excretion goes up to
20 mass/time. This slow increase in concentration of x will continue to happen as long as
production exceeds excretion and will stop when production equals excretion of x at a
new steady state. In this case, that will happen when concentration of x will get to be 10
mass/volume. Going back to the equation, excretion is equal to concentration of x
multiplied by clearance of x, in this case 10 volume/time multiplied by 10 mass/volume
equals excretion of x of 100 mass/time which is as much as production of x in this
individual. This also confirms our previous conclusion that clearance of x is a better
estimate of GFR as in this example, we also see that for the same level of clearance of x
of 10 the concentration of x is very variable in the non-steady state.

Lets come back to

. : the renal clearance concept.
. If b s /
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going to be larger than glomerular filtration of x (GFR x Py), consequently, Cly is going
to be an overestimation of GFR. Finally, if substance x is filtered and reabsorbed by the
kidney, then the excretion of x (Ux x V) will be less than the glomerular filtration of x
(GFR x Py), and Cl will be an underestimation of GFR.

So how close we’ll be to GFR using the concept of renal clearance is going to

depend on what we

select to represent x
as a marker of GFR.
Therefore lets revise
what are the
characteristics of an
ideal marker of GFR.
An ideal marker of
GFR should not
bound to proteins,
should get freely
filtered in the
glomerulus, should
not be reabsorbed or
secreted by renal
tubules, should not

Fig. 7

GFR Markers:

* Endogenous:
— Creatinine
— Urea
— Cystatin C

* Exogenous:
— Inulin
— Iohexol
— Chromium-51-EDTA

— Technetium-99m-
DTPA

— Jodine-125-iothalamate

have any effect on

renal function, should not be metabolized, and should not be extrarenally eliminated.
After reviewing these, two groups of possible GFR markers come in to mind:
endogenous GFR markers and exogenous GFR markers (see Fig. 7). The endogenous

GFR markers
are produced at a

Injection 100UIIN clearance

[Plasma]
Loading Dose Inulin,

Achieve steady state
Inulin plasma concentration o

Urine Inulin
Q30min x 3 times

Urine volume

[U]xV Q30min x 3 times

Inulin clearance=U ;. X V

Plnulin

Fig. 8

constant rate by

our metabolism,
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constant fashion
and are easy to
measure. The
exogenous
markers of GFR
are substances
that we can
inject into
plasma at a
constant rate, not
produced by our
own metabolism
and the
protocols for
their



measurement are time consuming. The list of endogenous and exogenous GFR markers
is shown in Fig. 7.

The gold standard test to approximate GFR is measurement of inulin clearance.
Inulin is a 5200-Da uncharged polymer of fructose that satisfies the criteria for an ideal
GFR marker since it is freely
filtered at the glomerulus, and
it is not reabsorbed, secreted,
or metabolized by the renal
tubules. But, as well as the
practical disadvantages of a
continuous infusion, the
anthrone method, often used
to assay inulin, is

s Vil ] complicated. For these
oo i reasons this assay is not
" o accessible to common clinical
fo °f practice. The most important
fo i steps of this procedure are
et oi..:, shown in Fig. 8, and they
% oo evidence the impracticality of
Utine Glofil ,. Ukine volume this procedure in most
QBominx45times o QA0min x4 times clinical scenarios.

Fig. 9 The next most used
technique to approximate
GFR is '*'I-iothalamate
clearance (Glofil clearance) (shown in Fig. 9) (12). The procedure requires a
subcutaneous injection of glofil 30min after an IV injection of a saturated solution of
potassium iodine to inhibit thyroid iodine uptake. After the glofil is injected the patients
are hydrated to keep a urine flow of 3-4 mL/min. Plasma and urine samples are obtained
every 30 min since the injection of glofil and the urine volume is charted simultaneously
for each series of samples. This is repeated 4-5 times. Glofil is measured by means of a
radioisotope scintillation counter which is easier than the anthrone method to measure
inulin. GFR is calculated using the clearance formula. The problem with this technique
is that the procedure is still somewhat laborious and that this is mostly available in big
academic and biomedical research centers but it is still not widely available for clinical
common practice.

We find ourselves then mostly using creatinine clearance as an estimate of GFR.
Creatinine is filtered by the glomerulus and secreted by the proximal tubule of the
kidney. As explained before, creatinine clearance will be an overestimation of GFR. This
is confirmed by Fig. 10 is showing by means of this plot of the measured creatinine
clearance against '*'I-iothalamate clearance (18). From this plot we can make a few
observations. The higher the GFR the more scattered the data points are in relation to the
identity line. The lower the GFR, the closer the data points are to each other. A few data
points approaches the identity line suggesting that creatinine clearance can occasionally
approach GFR Other data points shows that creatinine clearance can underestimate




GFR. However, most of the time measured creatinine clearance is an overestimation of
the GFR.

Many
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conditions, which

leads to a change in color of the solution that is proportional to the amount of creatinine
in the sample. We can measure the UV absorption of light at 530 nm of wavelength and
translate that reading to a concentration of creatinine with the help of a standard curve
relating UV absorption to concentration of creatinine. The major disadvantage with this
assay is that creatinine is not the only substance that can interact with picrate under
alkaline conditions. Many other substances that we can find in serum or plasma (like
proteins, glucose, cephalosporines, ketones, urate, acetone, and pyruvate) can reduce
picrate under alkaline conditions and form colored substances. These noncreatinine
chromogens result in an increase in serum creatinine measured by this method that can
reach a 20% overestimation of the real value. This overestimation effect will be higher
when the renal function is normal and it will be less when the renal function is decreased.
This is so, because when the renal function is normal the noncreatinine chromogens will
account for a higher relative amount when compared to the creatinine amount in the
sample, which increases the chances of the noncreatinine chromogens of interacting with
picrate. When the renal function is decreased then creatinine is accumulated but not the
noncreatinine chromogens, which will decrease the probability that a noncreatinine
chromogen will interact with picrate. Another drawback of the Jaffe method is negative
interference from high concentrations of bilirubin or other compounds in the serum of
jaundiced patients. They are called negative interference substances because they interact
with picrate but don’t cause a change in color of the solution. The mechanism of this
interference is incompletely understood.



The simple alkaline picrate method has been modified to resolve this interference
with other noncreatinine chromogens. One of these modifications is the kinetic alkaline
picrate method. The kinetic alkaline picrate method takes advantage of the differential
rate of color development for noncreatinine chromogens vs that for creatinine. Creatinine
changes the color of the solution very fast fashion and if this velocity can be
differentiated by the autoanalyzer reading the UV absorbance, then we should be able to
get rid of the non-specific interactions allowing a rate-dependent separation of creatinine
from noncreatinine chromogens. However, many of the noncreatinine chromogens can
have a rate of color development equal to that of creatinine, making it impossible for this
modification of the alkaline picrate method of eliminating all possible positive
interferences. Glucose and uric acid reduce picrate at a very slow velocity and the
autoanalizer wont be able to read them as creatinine. Moreover, high concentrations of
bilirubin still can reduce substantially the measured creatinine concentration, as this
modification of the assay has no impact over the negative interference substances.

The enzymatic method is based on the reaction of creatinine with the enzyme
iminohydroxylase (creatinine deaminase) to form ammonia and N-methylhydantoin. The
ammonia formed is quantified by reaction with bromophenol blue and translated into
creatinine concentration. This assay can more efficiently get rid off a larger portion of
the positive interferences resulting from noncreatinine chromagens, however, serum
glucose concentrations > 100 mg/dL and bilirubin concentrations of 7-18 mg/dL can still
produce negative interference, thereby reducing the measured creatinine by ~ 15%.

So far we can say that the reported value for plasma creatinine may be an
overestimate or a underestimate of the real value depending on the assay used to measure
plasma creatinine, the presence or absence of other non creatinine chromogens with
positive interference, the presence of substances with negative interference and what the
real renal function
level is at the
moment of
measurement.

In addition
to what has been
_ Excretion, | discussed before, the

a serum creatinine is
the net result of

Fig. 11 Determinants of plasma creatinine
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combination of creatine (the precursor of creatinine) and creatinine, as 50-60% of the
creatine in muscle is converted to creatinine by a nonenzymatic hydrolysis reaction that
happens to be enhanced when meat is heated. The creatine will be absorbed in the
intestine and once in plasma it can be stored in the muscle cells or it can be excreted by
the kidneys. Creatinine will also get absorbed from the gut and then it will be filtered and
secreted by the kidney. Also, creatine is synthesized by the liver by a process that
involves metabolic communication with the kidney, then it is stored in the muscle. In the
muscle 2% of the stored creatine will get converted into creatinine by means of a
nonenzymatic hydrolysis reaction. Once creatinine is formed, it can leave the muscle and
get to the blood from where it is filtered and secreted in the kidney. As you can see, the
major way of excretion of creatinine is glomerular filtration and renal tubular secretion.
The gut excretion is negligible under normal circumstances but it can become a
significant creatinine excretory route when the renal function is significantly decreased.
The determinants of plasma creatinine can be simplified to those processes that
determine production (namely liver creatine synthesis, muscle generation of creatinine
from creatine, and dietary meat intake), and those that determine excretion (under most of
the circumstances renal function). We could state it using the mathematical formula for
the concept of clearance. In other words, the plasma concentration of creatinine equals
excretion of creatinine divided by clearance of creatinine. If the individual is in steady
state, then excretion equals production so either production of excretion of creatinine can
be used in the numerator. Using this concept, lets review a couple of examples of how

Determinants of plasma creatinine
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these factors can
determine what the
plasma creatinine level
will be.

Lets start with the
normal individual in
steady state (see Fig. 12).
This normal individual
produces 100 of
creatinine. Because he is
in steady state, production
equals excretion of
creatinine. Lets
determine that his
clearance of creatinine is
100. Going back to the
formula, we can calculate
that the concentration of

creatinine will be 1. Lets say now that this same individual now increases production to
150 because he is a body builder and he likes to load himself with creatine supplements
and high meat intake and subsequently increases his muscle mass by 50%. When he
reaches steady state, excretion will also be 150. He continues to have a creatinine
clearance of 100. Now, if we go back to the formula the concentration of creatinine goes
up to 1.5. Notice that the clearance has not changed. Only production went up. The

10



increase in concentration of creatinine can erroneously lead us to think that the renal

function has decreased when it has not (see Fig 12).

The second example is aging. In the top of the figure 13 we have a young healthy
lady in steady state in whom production and excretion of creatinine equals 100. Her

clearance is 100 and
after our calculation

Determinants of plasma creatinine

we can get her
creatinine
concentration is 1.0.
The same lady ages,
losses muscle mass
and changes her
dietary habits, so that
her creatinine
production decreases
to 60. After some
time she will reach
steady state and
excretion of creatinine
will be 60. As a result

Fig. 13
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clearance of creatinine related to the aging process, her clearance is now 75. After our
calculation is done the concentration of creatinine will be 0.8. A concentration of
creatinine that we generally do not associate with decreased renal function, but in fact
there has been a decrease in renal clearance. We don’t see a noticeable increase in the
concentration of creatinine basically because both the production of creatinine and the
clearance of creatinine decreased proportionally in relation to the aging process.

My third example is the malnourished individual (shown in Fig. 14). We start

Determinants of plasma creatinine

Fig. 14 Malnourished
Cl, [P, ] Excretion, Production,
i | 100 1.0 100 100
100 0.5 50 50

with the same healthy
female in steady state.
She develops
anorexia. She
drastically decreases
the intake of protein in
the form of meat, she
losses muscle mass so
her production of
creatinine goes down
to 50. When she
achieves steady state,
the excretion of
creatinine will also go
down to 50. Her
clearance of creatinine
stays the same. After
our calculation, her

11



Determinants of plasma creatinine
Chronic liver disease

Fig. 15
Cl. [P.]  Excretion, Production,
100 1.0 100 100
100 0.6 60 60

concentration of
creatinine will be 0.5. In
this hypothetical case the
clearance of creatinine has
to go down to 50 or less
before we may start
noticing an increase in the
concentration of
creatinine that we will
associate more with the
possibility of having
decreased clearance.

My fourth
example is the patient
with chronic liver disease
(shown in Fig. 15). Here
we also start with the
healthy patient in steady

state with the same baseline characteristics as in the previous examples. She now
develops severe chronic liver disease. Her meat dietary intake decreases, she losses
muscle mass, and her liver wont be able to synthesize creatine efficiently, so her
production of creatinine will decrease from 100 to 60. After achieving steady state the
excretion of creatinine will equal production of 60. With the help of the formula we can
determine her concentration of creatinine will be 0.6. The clearance of creatinine has to

Determinants of plasma creatinine

Chronic Renal Failure

Fig. 16
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come down to 50 or less
before a noticeable
increase in the
concentration of
creatinine is observed
(20).

My last example
is the individual that
develops renal failure
(see Fig. 16). We start
with the healthy, normal
renal function
individual in steady
state with the same
baseline characteristics
as in the previous
examples. The

individual develops

renal failure but the production of creatinine stays the same. Once the individual
achieves steady state, the excretion of creatinine will be 100. With the help of our
formula, we can see that the concentration of creatinine will be 4. The concentration of

12



creatinine went up because the production of creatinine was unchanged, but the clearance

of creatinine decreased as a result of renal failure.

These examples also emphasize again the fact that the concentration of the marker

of GFR is not a good way of estimating renal function.
Fig. 17 shows how

inaccurately the
concentration of creatinine
can estimate GFR. An
increase in the serum 9 =
creatinine level from 1 o
mg/dL to 2.0 mg/dL is 5
consistent with a 50%
decrease in GFR, but an P ]
increase of serum creatinine G
from 5 mg/dL to 6 mg/dL is
associated with a very small
decrease in GFR. The same 2

Relationship between serum creatinine and GFR:
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creatinine is mostly an overestimation of GFR and the accuracy of the prediction is very

poor specially in the setting of preserved renal function.

So far, we have discussed many of the factors that can contribute to the

inaccuracy of the
measured

Creatinine Clearance-Cimetidine

creatinine
clearance as an
estimator of
glomerular
filtration rate. Is
there any
modification to the
procedure we can
use to improve the
accuracy of the
estimate of GFR?
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treated with cimetidine (see Fig. 18). Cimetidine inhibits the secretion of creatinine by
the renal tubules and consequently will make creatinine behave as a GFR marker that
does not gets reabsorbed or secreted and will approximated GFR more accurately (15,

16). The problems with
this approach are
several. In the first
place the data available
in the medical literature
consist of very small
groups of patients.
Second every single
one of these small
studies used a different
dose and regimen for
the administration of
the cimetidine before
the creatinine clearance
was actually done, so
the studies are not easy
to compare. These
different regimens of
administration of
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cimetidine lead to

different levels of inhibition of the renal tubular creatinine secretory component.
Another modification to the procedure of creatinine clearance that can improve
the estimation of GFR derives from the use of a measured urea clearance (18, 46). Urea

gets reabsorbed in the renal
tubules as shown in Fig. 6.
As a result of this, urea
clearance is an
underestimation of GFR.
This is also shown in Fig.
19. By itself this is not
going to be very helpful.
But if we measure
creatinine clearance and
urca clearance, add the
respective values and get
the mean of them as shown
in Fig. 20, we will be very
probably estimating GFR
more accurately. Fig. 10
shows how a measured
creatinine clearance
compares to GFR measured
by iothalamate clearance.

If creatinine is secreted,

GFR X [P]creat = [U]creat x V
GFR < [Ul  eat XV GFR > [U
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GFR < Creatinine Clearance GFR > Urea
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1 xV
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Clearance
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Creatinine Urea
clearance clearance
2 Fig. 20
Clye, < GFR < Cl ,
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Most of the data points are above the identity line clearly showing the overestimating
trend of measured creatinine clearance. Fig. 19 shows the relationship of measured urea
clearance and GFR measured by iothalamate clearance. Most of the data points in this
case are below the identity line clearly showing the underestimating trend of the
measured urea clearance. However, when we compare the mean of measured creatinine

and urea clearance with
GFR measured by
iothalamate clearance we
can see how the data points
move closer to the identity
line clearly evidencing the
improvement in the
estimation of GFR (see Fig.
21).

So we found 2
possible ways of improving
our estimate of GFR.

There is still a problem that
consists in determining the
accuracy of the urine
collection in the 24 hrs

Relationship between mean of creatinine and urea clearance
and Tothalamate clearance:
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period. The common way of determining the appropriateness of the 24 hr period
collection is comparing the actual amount of creatinine collected in the volume of urine at
the end of the collection period, with the expected urinary creatinine excretion in a period
of 24 hrs calculated by kg of actual body weight. This is traditionally calculated using a
24 hours urine creatinine excretion rate of 15-20 mg/kg in women and 20-25 mg/kg in
men. But these are the estimated urinary creatinine excretory rates for healthy, steady
state and fit men and women. We can not extrapolate the use of these values to the
variety of clinical situations we encounter in our practice every day. As shown in Table 3
the urinary excretion of creatinine is age and sex dependent.

TABLE 3. Piasma creatinine and crealining excrelion in adulls at different ages
Serum creatinine Urinary crealinine
Age (years) {mg/dl = SO} {mokgizd e = 8D) G, {mi1.73m?)
Maies 20-29 0.99 x 018 238~ 23 110
30-39 1.14 + 0.22 219 =15 97
4049 110 + 0.20 197 £ 3.2 88
50-50 116 2 0.17 19329 81
60-69 115 = 014 169+ 29 72
70-79 103 2 0.22 142 = 30 84
80-89 1.06 + 0.25 1.7 + 490 47
90-69 1,20 + 0.16 94 = 32 34
Famales 20-28 089 £ 017 197 = 38 95
30-3¢ 091 £ 017 204 > 38 1
40-49 1.00 = 0.24 176 = 38 81
50-59 099 = 0.26 149 + 36 74
£0-89 097 = 017 1253+ 26 83
76-7¢ 1.02 = 0.23 1822 54
80-89 105 + 0.22 10.7 = 25 46
80-99 091 £ 0412 84214 39

The urinary excretion of
creatinine is lower in
women compared to men,
and it decreases with age in
both men and women.
Other demographic
parameters can affect the
urinary excretion of
creatinine like muscle mass,
dictary habits, medical
conditions (severe
malnutrition, chronic liver
disease, obesity, pregnancy,
diabetes mellitus, etc). For
this reason we need another
way of approximating GFR
that does not require a 24 hr
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Cockcroft-Gault Formula:

Derivation
24 hr U coll for creat
x 2 times
Calculate Age in years

CrUV24/kg BW

| CrUV24/kg = 28 — (0.2 x Age in years)
CrUv24/kg BW \

Fig. 22

Age in years

urine collection.

This was one of the
reasons why Cockcroft and Gault
in Canada performed the studies
that led to the derivation of their
formula to estimate creatinine
clearance (11). They studied 249
hospitalized male patients with
normal serum creatinine in the
age range of 18-92 years old.
They got two 24hrs urine
collections on each one of the
patients and measured serum
creatinine using the kinetic
alkaline picrate method. They
calculated the 24 hr urinary
creatinine excretion per kg of

actual body weight and plotted this against age. After getting the regression line that
would related the two parameters, they determined the mathematical equation that would
define the regression line. They then substituted this mathematical equation into the

numerator of the formula
used to calculate a creatinine

Cockcroft-Gault Formula:

clearance from the data
coming from a 24 hr urine
collection. They resolved the
equation to the simplest
terms and got the formula
that we are very familiar with
(sece Fig. 22 and 23). Then
they plotted the estimated
creatinine clearance using the
formula against the measured
creatinine clearances of the
same individuals used to get
the formula Fig. 24. For the
purpose of comparison Fig.
25 shows the relationship of

Derivation

Creatinine Clearance = Ucr x V

Creatinine Clearance = CrUV24 x 100mL/dL

Creatinine Clearance = 28 — (0.2 x Age in vears) Wt in Kg

Creatinine Clearance = (28 / 0.2) — (0.2 / 0.2 x Age in years) Wt in Kg

1440 x Per

1440 x Scr

14.4 x Ser

Creatinine Clearance = (140 — Age in years) Wt in Kg

per 1.73 m? of BSA

(14.4 x Scr)/ 0.2

72 x Ser

Fig. 23

the estimated creatinine

clearance by Cockcroft-Gault formula with GFR measured by iothalamate clearance.
One of the drawbacks of this formula is that it estimates creatinine clearance and not
GFR. Another drawback is that this formula was validated in the same population where
it was derived. Also we don’t know much information about the patients in the study.
There was no female representation in the study and to account for the in the formula the
investigators decided to multiply the estimated creatinine clearance value by 0.85 as
females muscle mass is approximately 15% lower than in males (23, 27).
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If we carefully
analyze the Cockcroft-Gault
formula we can notice that it
is just another mathematical
formula to express the
concept of creatinine
clearance (see Fig. 26). If
you recall our previous
discussion, creatinine
clearance equals, excretion of
creatinine divided by plasma
concentration of creatinine.
Excretion of creatinine, in the
numerator of the formula, is

Relationship between predicted creatinine clearance

and measured creatinine clearance:

~a
<
(=1

Formola IV

—_
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[~

100 4

(2,3
(=3

Predicted creatinine clearance, ml/min

0

0 50 100 150 200 Fig. 24

Measured creatinine clearance, ml/min

the same as urinary excretion

of creatinine, that is, Ugen x V. In the formula, excretion of creatinine is equal to (140-

Age) Body weight in

and Iothalamate clearance:
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Relationship between predicted creatinine clearance

kilograms. The denominator in
both formulas is equal to the
plasma concentration of

210 creatinine multiplied by a

0 constant that helps express the

- final product in units of
ml/min. The excretion of

- creatinine in the clearance

vo formula is determined by the

80 accuracy of the 24 hr urine

" collection. The excretion of

creatinine in the Cockcroft-
Gault formula is determined by
the accuracy of the estimation

@

Fig. 25

of urinary excretion of

creatinine by demographic data like age and actual weight. A measured creatinine
clearance requires a urine and a plasma sample for its calculations. The Cockcroft-Gault

formula just needs one plasma
sample for its calculations.
Both formulas are subjected to
the inaccuracies of the assays
available to measure serum
creatinine and both are affected
by the multiple factors that
determine the serum creatinine

Cl,

Cockeroft-Gault Formula:
How does it compare to measured Cl_ ?

Fig. 26

= Excretion of Cr
P

cr

Cl, = (140-Age) Wt
72x P,

level, basically the balance in

between production and clearance of serum creatinine. Up to this point the need for a
more accurate formula to estimate GFR instead of creatinine clearance was evident.
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MDRD Formula:

Derivation

1628 pts
MDRD study

Age 50.6 £ 12.7 years
Weight 79.6 + 16.8 kg
BSA 1.91 £0.23 m2
GFR 39.8 + cc/min/1.73m2
Cr C148.6 + cc/min/1.73m2
Serum creatinine 2.3 + mg/dL
Male 60%
White 88%
Diabetics 6%
GN 32%
TIN 7%
Unknown 40°
Fig. 27

It was not until 1999 when the MDRD study
group was able to develop a new prediction formula
for GFR (18). These investigators obtained a
sample of 1628 patients from the MDRD study.
The patient characteristics are described in figure
27. In general they were mostly white, non
diabetic, underrepresented with minority groups,
mostly unknown etiology for renal failure. They
divided the original sample of patients in two
groups. One group they called the training sample
which they used to derive the formula and the
validation group which the investigators used to
validate the formula. The investigators used a
multiple variable logistic regression model in the
training sample to determine a set of variables that
jointly predicted GFR. A P value less than 0.001
was used as the criterion for entry of a variable into
the model. From all the variables considered, only
serum creatinine, age, race, sex, plasma BUN and
serum albumin entered finally the model.
Consequently the predictive equation is a multiplicative of variables that predicted GFR
with statistical significance. Once the formula was generated, it was used to estimate
GFR in the validation group. Then the estimated GFR was plotted against the measured

GFR, mbimin per 1.73m*

Fig. 28 Relationship between predicted GFR
and lothalamate clearance;
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GFR by
iothalamate
clearance and
Fig. 28. Later
on, using a
similar
approach an
abbreviated
version of the
formula was
introduced to
clinical
practice. This
abbreviated
formula
includes the
following
variables:
serum

creatinine, age, sex and race. Since its introduction to clinical practice the MDRD
formula has been validated in hypertensive African Americans and other populations
however, the performance is lower than with populations different from which it was

derived and originally validated.
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The
Cockcroft-Gault
and MDRD
formulas that we
have described are
better estimates of
creatinine clearance
and GFR,
respectively, than
serum creatinine or
inverse of serum
creatinine alone.
However, they still
have a considerable
degree of
inaccuracy (23, 27).
For this reason we
have continued to
look for better
estimators and/or

+ Large dose glucocorticoids
« Hyperthyroidism

* Pregnancy

* HIV

Fig. 29

<1%
v

better markers of GFR. One of these new markers is cystatin C. As shown in Fig. 29,
Cystatin C is a 13 kDa protein of 122 amino acids produced by a housekeeping gene to
function as a cysteinase protease inhibitor. It is produced in all the nucleated cells of the
body at a constant rate. It is secreted into the blood, from which it is filtered in the
glomerulus, then it is reabsorbed by the proximal tubule cell, where it is degraded. Only

less than 1% of
it escapes the
reabsorption and
degradation
steps.
Glucocorticoids,
HIV infection,
pregnancy state,
and
hyperthyroidism
are the only
known
situations where
production of
cystatin C is
enhanced and
maybe use of
cystatin C as a
marker of GFR
might have to be
analyzed very

Fig. 30

Relationship of plasma creatinine and cystatin ¢
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carefully (30, 31, 33, 35, 36, 37, 43, 45).

As you
Relationship of the inverse of serum creatinine and | see in Fig. 30,

cystatin C to iothalamate clearance when either
serum cystatin

" 7 C or inverse of
& Crestinine-padients serum cystatin
g0 * Crestninepatints C is plotted

/ o Gystatin-controls against GFR,

* Cntin-petants they look

—- Cuaatinine-patientsscontrols almost exactly
" . to the

g analogous

1.784

1 1,25

plots using
serum
ore{ ¢ ol creatinine or
it -~ inverse of
s serum
2 creatinine.
02 g, ! I The correlation
coefficients of
S i _ levels of the

' 4othatamate Fig. 31 inverse of
serum cystatin
C with GFR is
higher than the correlation of inverse of serum creatinine with GFR. One of the
advantages of levels of cystatin C over serum creatinine is that cystatin C appears to be
an earlier marker of GFR than serum creatinine as shown in Fig. 31. One of the possible
disadvantages of cystatin C has to do with the variability of the assay used to measure
serum levels of cystatin C.

Fig. 32 A shows the mean and range of values for serum creatinine measured
using the kinetic alkaline picrate assay in twelve normal renal function individuals. As
you can see the assay has a lot of interindividual variation but little intraindividual
variation (32, 41). This is a good characteristic of the kinetic alkaline picrate assay as this
allow us to be able to follow the serum creatinine along with time as a marker of renal
dysfunction, as the values in the same individual are not going to be significantly
different from each other.

1Cystatin C
2
o
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However this can
Mean and range of values for serum creatinine (A) | 2lso explain why

and serum Cystatin C (B) igg;‘gg;iﬁ ‘;:rtf;e

LI [ R R serum creatinine
‘ - values may have
' ) renal dysfunction
even when their

]
|
|
‘ =T } 4 = . serum creatinine

levels increase but
stay in the normal
range value (34,
42, 44). Fig. 32B
shows the mean

s - |‘ o , = and range of

‘ values for serum
cystatin C levels
measured by a
turbidimetric
assay in twelve
normal
individuals. You
can notice that the
assay has little interindividual variation but a lot of intraindividual variation. This could
explain why the serum level of cystatin C can go up more obviously with smaller changes
in renal function and this could be a clear advantage over serum creatinine.

So far, we can say that inulin meets most of the characteristics of an ideal GFR
marker. Although it has remained the gold standard, it is not practical for routine use due
to its limited supply and difficulty of measurement. Although clearance techniques are
more accurate than serum creatinine or inverse of serum creatinine, the appropriateness
of the 24 hr urine collection still is a common problem. The estimation formulas are
derived and validated in the same populations where they were created and will need to
be validated in other innumerable populations as their performance in populations
different than the ones where they were derived is lower. Cystatin C so far can be seen as
a refined serum creatinine that can pick up decreases in GFR earlier than serum creatinine
(38, 39, 40). In the meantime, while we await to get more accurate estimators of GFR,
we may be misclassifying patients into the different CKD stages and, more important
than that, calculating a GFR that is probably far from the real value consequently
exposing patients to nephrotoxic doses of drugs that can result in new renal damage or
additional damage and its associated morbidity. For this reason we are in need of more
individualized and accurate ways of estimating GFR.

Subjects
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4‘ =
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4
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Fig. 32
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Plasma clearance after single intravenous injection
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Fig. 33

One of these more
individualized ways of getting
an estimate of GFR more
accurately is the single
injection technique. With this
technique a bolus injection of
one of the exogenous markers
of GFR is given to the patient.
Then, the disappearance curve
of the plasma concentration of
the marker is constructed. This
curve has two components: a
rapid phase reflecting the
distribution of the marker from
the intravascular space to the
extravascular space, and a slow
phase reflecting the renal
excretion of the marker. A
two-compartment model is
required to describe the entire
plasma disappearance curve for
the marker, but it requires

frequent blood sampling, which is impractical in most of the clinical scenarios.
Therefore, a one-compartment model is widely used which uses only the slow phase of

the disappearance curve

Relationship of single injection >!Cr-EDTA clearance

for the marker (47, 48).

and Inulin clearance

120

L1y

SCR-EDTA CLEARANCE ml/min

e "
4D L1}

Fig. 34

INULIN CLEARANCE m!fmin

120

The mathematical
expression of this model
is shown in Fig. 33
where C(t) is the plasma
concentration of the
marker at a given time,
A is the zero-time
intercept, and —B is the
rate constant for the
decrease of the plasma
concentration of the
marker in a
semilogarithmic plot,
that is the result of the
renal excretion of the
marker.

The line can

usually be determined by two blood samples during the slow phase (90 and 120 min after
injection) although a relatively long time (3-24hrs) may be required to obtain the accurate
falling slope of the marker in patients with impaired renal function. Plasma clearance is
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slightly overestimated with this technique, since it does not account for that part of the

AUC resulting from

the rapid phase.

P, 34 shows Real-Time Monitoring of Renal function:

the relationship of .
single injection *>'Cr- t=1200 min
EDTA clearance to

Inulin clearance in
studies performed by
Brochner-Mortensen
and colleagues.

Although a very small
group of patients, it

seems that the single Vi
injection *'Cr-EDTA ¥ e I 5

clearance has a higher 99Tc-DTPA
correlation with GFR
estimated by inulin

Slope = constant rate of activity loss =k,

Log
clearance however the Activity
procedure still
requires two timed Fig. 35 Time (x 100min)

GFR =Kkyx V,

GFR

blood samples.

This is why Rabito and colleagues did in the early 90’s in Harvard (49). They had
designed a nuclear medicine based technique to estimate GFR in an accurate and
individual manner (see Fig. 35). The procedure consist in the intravenous injection of
?Tc-DTPA bolus followed by a 45 min of equilibration of the distribution of this

Correlation between the rate constant for the clearance

of 99T c-DTPA measured with ARM and GFR
measured by glofil

s
o
|
“

RATE CONSTANT [ 103 « min™!)

o 20 40 80 80 100
Fig. 36 GFR (mi/min+m?)

radiotracer into the
intravascular and
interstitial volume.
Then a radioactivity
detector that they
called the
ambulatory renal
monitor (ARM) is
wrapped around the
upper arm of the
patient and detection
of radioactivity is
started. The rate of
loss of radioactivity
is plotted in
relationship with
time. Then the
slope of the tracing,
or rate constant of

loss of radioactivity is calculated. The rate constant of loss of radioactivity is going to be
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determined by the GFR. That is, the higher the GFR, the higher the rate constant of loss
of radioactivity, and vice versa. The rate constant of loss of radioactivity correlates very
closely with GFR measured by iothalamate clearance using the constant infusion
technique as shown in Fig. 36. This is a procedure that can be done in an ambulatory
basis, in hospital and in the ICU setting and would be an individual and accurate
estimation of GFR for any patient and any clinical situation.

To better show you the value of this technique Fig. 37 shows you here different
clinical situations in which the ARM was used to assess renal function. The figure to the
upper left shows you an individual with stable renal function evidenced by an unchanged
and stable
tate Clinical situations:
constant
decrease " i
in activity i
after an ~
angiogram " § \\\ ]
. The
figure 36 \
shows you
a patient
that had a
coronary
angiograp -
hy that ¥
resulted in : N i
decrease '
in renal
function P ]
and mild ’ , T:ME (noujs) ’ ) Flg. 37
elevation
in the serum creatinine. Fig is showing a patient admitted to I[CU who dropped the BP
after which the renal function decreased significantly. These and many other examples of
the use of ARM are available in the literature not only for the intensive care unit setting
but in the ambulatory outpatient setting. Interestingly the changes in the GFR noticed
with this technique is as close as we can get to real time GFR estimation and in many
situations the change in GFR noticed by this technique preceded the increase in the
plasma creatinine and changes in urinary output, which are the most common currently
used signs of renal dysfunction or insult.

To conclude, plasma creatinine and inverse of plasma creatinine are very poor
markers or estimators of glomerular filtration rate. The commonly used creatinine
clearance is an overestimator of GFR most of the time and its accuracy is determined by
the accuracy of the collection. Creatinine clearance can approximate GFR more
accurately if the collection is done after dosing the patients with cimetidine and/or by
calculating a urea clearance and getting a mean of creatinine and urea clearance;
however, both require an accurate urine collection, and the absence of a complete urine
collection subtracts significant accuracy to these methods. The Cockcroft-Gault formula
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is an estimate of creatinine clearance, not GFR, and it should be corrected for body
surface area. It is very inaccurate at normal renal function levels and is more accurate as
renal function decreases. In spite of being inaccurate, it is a better estimate of GFR then
plasma creatinine and is currently one of the recommended estimation methods by the
DOQI guidelines. The MDRD formula estimates GFR, but its performance decreases
when used in populations different to the one used to derive the formula, and it will be
biased toward a lower GFR estimate when used to estimate renal function in patients with
normal renal function. However, it is still recommended by DOQI for estimation of renal
function. Cystatin C can be considered an enhanced and an earlier marker of GFR when
compared to serum creatinine. The estimation of GFR can be individualized and its
accuracy can be increased significantly with the use of methods like the single injection
of exogenous markers of GFR or ambulatory renal monitoring by means of a single
injection of 99Tc-DTPA and determination of the rate constant of activity loss when
measured at the upper arm with the ARM. These techniques are considerably more
expensive but offer the advantage of estimating a more accurate glomerular filtration rate
than any of the previously discussed techniques. The ambulatory renal monitor can go a
step further and, in addition to being very accurate, it can also provide a very close to
real-time estimate of GFR in a variety of scenarios that include the outpatient, in hospital
and intensive care settings.
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