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Notice

Medicine is an ever-changing science. As new research and
clinical experience broaden our knowledge, changes in treat-
ment and drug therapy are required. The editors and the
publisher of this work have checked with sources believed to be
reliable in their efforts to provide drug dosage schedules that are
.complete and in accord with the standards accepted at the time
of publication. However, readers are advised to check the
product information sheet included in the package of each drug
they plan to administer to be certain that the information con-
tained in these schedules is accurate and that changes have not
been made in the recommended dose or in the contraindications
for administration. This recommendation is of particular impor-
tance in connection with new or infrequently used drugs.
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PREFACE

The aim of this book is to teach medical students, house officers, and practicing
physicians the basic aspects of intrinsic renal disease and hypertension. Although
the basic outline is similar to that of the first edition, so many new advances have
been made in the past six years in both pathophysiology and clinical management
that the text has essentially been completely rewritten. As an example, Chapter 4
is new, dealing with the mechanisms responsible for the progression of renal
disease. This.exciting area offers hope in the therapy of many disorders, such as
diabetic nephropathy, in which reduction of the intraglomerular pressure may
prevent progressive glomerular injury, even in the absence of strict glycemic
control.

The material that.is presented reflects the core of information that I believe
the clinician should possess. I have tried, wherever possible, to include discus-
sions both of the mechanisms of disease and of how to derive a differential
diagnosis based upori the findings present at initial evaluation. Thus, there are
separate chapters reviewing the pathogenesis and approach to glomerular
disease and to essential hypertension. In addition, the first two chapters present a
broad overview of renal disease, including the common laboratory tests used to
assess renal function (creatinine clearance, urinalysis, and urine sodium and
osmolality) and a general diagnostic approach to help determine what kind of
renal disease is present.

There are also certain areas that are not covered. Renal physiology and fluid
and electrolyte disorders are presented in my other book, Clinical Physiology of
Acid-Base and Electrolyte Disorders, 2d. ed. (McGraw-Hill, 1984). Space limitations
and a desire to emphasize those problems that are most commonly seen by the
nonnephrologist have led to the omission of chapters on urinary tract infections
(other than chronic pyelonephritis), chronic renal failure, dialysis and transplan-
tation, renal stones, and renal neoplasms.
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CLINICAL
ASSESSMENT OF
RENAL FUNCTION

Burton D. Rose

The evaluation of the patient with kidney dis-
ease involves two basic steps: (1) establishing
the correct diagnosis and (2) estimating the
degree of renal dysfunction. Although the
history and physical examination are fre-
quently helpful, laboratory tests play a cen-
tral role in this process. The most important
of these tests are estimation of the glomeru-
lar filtration rate (GFR), examination of the
urine, radiologic studies, and renal biopsy.
This chapter reviews in some detail the
meaning of these tests ‘and the kinds of
information that they can provide. The fol-
lowing chapter then discusses their specific
use in the patient with renal disease.

Measurement of GFR
Creatinine Clearance
P and GFR
Blood Urea Nitrogen and GFR .
Compensatory Glomerular Hyperfiltration
Examination of the Urine
Color
Proteinuria
pH
Osmolality and Specific Gravity
Sodium Excretion
Sediment 2
The Normal Urinalysis
Radiologic Studies
Renal Blopsy
Summary

MEASUREMENT OF GFR

The GFR is the best clinical estimate of func-
tioning renal mass. To appreciate why this
relationship is true, it is first necessary to
briefly review normal renal physiology.

The basic unit of the kidney is the nephron,
with each kidney in humans containing ap-
proximately 1.0 to 1.3 million nephrons. Each
nephron consists of a glomerulus, which is a
tuft of capillaries interposed between two
arterioles (the afferent and efferent arterioles),
and a series of tubules lined by epithelial cells
(Fig. 1-1). As with other capillaries, an ultrafil-
trate of plasma is formed across the glomer-
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ulus. The filtrate is then altered by the tubules
which reabsorb and, to alesser degree, secrete
solutes and water. The normal GFRis 135 to
180 L/day, an amount roughly equal to 10
times the extracellular volume. To prevent ex-
cessive fluid losses, 98 to 99 percent of the
filtrate undergoes net reabsorption, resulting
in a urine output of only 1 to 2 L/day.
These nephrons perform a variety of es-
sential functions*!: -

1. They participate in the maintenance of
the constant extracellular environment
that is required for adequate functioning
of the cells. This is achieved by excretion

*The specific mechanisms. by which these functions
are performed, including the role of hemodynamic and
neurohumoral factors in the regulation of the GFR, are
generally beyond the scope of this discussion but are
reviewed in detail in Ref. 1.

Thick ascending Medullary
limb of loop collecting

)\

Medulla

FIG. 1-1. Relationships of the
component parts of the nephron.
(Adapted from R Vander, Renal Physiology,
2d ed, McGraw-Hill, New York, 1980.)

" of some of the waste products of metabo-

lism (such as urea, creatinine, and uric
acid, as well as many drugs) and by spe-
cific adjustment of the urinary excretion
of water and electrolytes to match intake
and endogenous production. To attain the
latter goal, the kidney is able to regulate
individually the excretion of solutes (such
as sodium, potassium, and hydrogen) and
water, largely by changes in tubular reab-
sorption or secretion. For example, water
excretion appropriately increases after a
water load. This change is mediated by
reduced secretion of antidiuretic hormone
(ADH) from the posterior lobe of the pi-
tuitary. The relative absence of ADH di-
minishes the permeability of the collect--
ing tubules to water, thereby lowering
water reabsorption and promoting water
excretion.
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2. The nephrons secrete hormones that par-
ticipate in the regulation of systemic and
renal hemodynamics (renin, prostaglan-
dins, and bradykinin), red blood cell pro-
duction (erythropoietin), and calcium,
phosphorus, and bone metabolism (1,25-
dihydroxycholecalciferol, the most active
form of vitamin D).

3. The nephrons perform such miscellane-
ous functions as catabolism of peptide
hormones and synthesis of glucose (glu-
coneogenesis) in fasting conditions.

' *When renal disease is present, one or more
of these functions may be impaired. For ex-
ample, the kidney is resisthnt to the effects
of ADH in patients with nephrogenic dia-
betes insipidus, resulting in an inappropriate
increase in water excretion. However, all
other renal functions are normal in this dis-
order. In contrast, there is a generalized de-
créase in all kidney functions in patients
with advanced renal failure. Waste product
excretion is reduced, producing eievations in
the concentrations of urea and creatinine in
the blood; edema, hyperkalemia, and acide-
mia may result from decreased excretion of
water and electrolytes; and anemia and bone
disease may occur because of diminished
production of erythropoietin and the active
form of vitamin D.

However, not all renal functions are im-
paired with lesser degrees of renal disease.
Even if two-thirds of the nephrons are not
functioning, clinically significant changes in
electrolyte and water balance usually do not
occur because of a series of specific adapta-
tions that result in increased solute and water
excretion in each of the remaining neph-
rons. For example, although less sodium is
filtered (owing to the decrease in the number
of functioning nephrons), sodium excretion
remains equal to intake because of an appro-
priate reduction in tubular reabsorption. Sim-
ilarly, renal hormone secretion also may be
relatively well maintained. In this setting,
determination of the GFR and examination

of the urine may be the only ways to detect
the presence-of kidney discase, such as a
reduction in functioning renal mass. Since
the total GFR is equal to the sum of the fil-
tration rates from each of the functioning
nephrons, the loss of two-thirds of the neph-
rons will lead to a decrease in total GFR,
although the net reduction will be less than
two-thirds, due to compensatory hyperfiltra-

_ tion in the remaining nephrons (see “Com-

pensatory Glomerular Hyperfiltration,” be-
low). Thus, the GFR can be used to document the
presence, estimate the severity, and follow the course
of kidney disease. A decrease in GFR implies
either progression of the underlying disease
or the development of a superimposed prob-
lem such as volume depletion or urinary
tract obstruction.

Estimation of the GFR is also helpful in
determining the proper dosage of those drugs
that are excreted by the kidney. For exam-
ple, digoxin, used in the treatment of heart
failure, and the antibiotic gentamicin are
excreted in the urine, primarily by glomeru-
lar filtration. When the GFR is reduced, drug
excretion will decrease. If the dosage is not
appropriately diminished, the drug will accu-
mulate in the body, reaching potentially toxic
levels (see Chap. 13).

CREATININE CLEARANCE

. The clinical determination of the GFR in-

volves measurement of-the rate of urinary
excretion of certain compounds. For exam-
ple, the exogenously administered polysac-
charide inulin has the following properties:

1. It is freely filtered at the glomerulus.

2. It is able to achieve a stable plasma con-
centration.

3. It is not reabsorbed, Secreted, or metabo-
lized by the kidney. )
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In this sityation,
Filtered Inulin = excreted inulin

The filtered inulin is equal to the GFR times
the plasma inulin concentration (P;,), and
the excreted inulin is equal to the product of
the urine inulin concentration (U;,) and the
urine flow rate (V, in milliliters per minute or
liters per day). Therefore,

GFR X Py, = Up, XV

X
E 7 Pin

The term (U;, X V)/Py, is called the clear-

ance of inulin and is an accurate estimate of
the GFR. The inulin clearance, in milliliters
per minute, refers to that volume of plasma
cleared of inulin by renal excretion. For ex-
ample, if 1 mg of inulin is excreted per
minute (U;, X V) and the P;, is 1.0 mg/dL (or
to keep the units consistent, 0.01 mg/mL),
then the clearance of inulin is 100 mL/min;
that is, 100 mL of plasma has been cleared
of the 1 mg of inulin that it contained.
_ Despite its accuracy, the inulin clearance
is rarely performed clinically because it in-
volves both an intravenous infusion of inulin
and an assay for inulin‘that is not available
in most laboratories. Similar technical con-
siderations limit the use of radiolabeled com-
‘pounds such as iothalamate.?

The most widely used method to estimate
the GFR is the endogenous creatinine clear-
ance.’” Creatinine is derived from the me-
tabolism of creatine in skeletal muscle and is
released into the plasma at a relatively con-
stant rate. As a result, the plasma creatinine
concentration (P,) is very stable, varying less
than 10 percent per day in serial observa-
tions in normal subjects, even with marked
variations in dietary intake.® Like inulin, cre-
atinine is freely filtered across the glomeru-
lus and is neither reabsorbed nor metabo-
lized by the kidney. However, a small amount
of creatinine enters the urine by tubular

secretion in the proximal tubule.” Because of
this tubular secretion, the amount of creati-
nine excreted exceeds the amount filtered
by 10 to 20 percent in patients with rela-
tively normal renal function. Therefore, the
creatinine clearance (C),

C & Pcr

will tend to exceed the inulin clearance by
10 to 20 percent. Fortuitously, this is bal-
anced by an error of almost equal magni-
tude in the measurement of the P.. The
most commonly used method involves a col-
orimetric reaction after the addition of alka-
line picrate. The plasma, but not the urine,
contains noncreatinine chromagens (acetone,
proteins, ascorbic acid, pyruvate), which ac-
count for approximatgly 10 to 20 percent of
the normal P..> Since both the U, and P
are elevaied to roughly the same degree, the
errors tend to cancel and the C,, is a.reason-
ably accurate estimate of the GFR, particu-
larly if the GFR is greater than 40 mL/min
(normal in adults is 95 to 120 mL/min).

However, as renal failure progresses and
the total GFR falls, less creatinine is filtered
and proportionately more of the urinary
creatinine is derived from tubular secretion.
As a result, urinary creatinine excretion is
much higher than it would be if creatinine
were excreted only by glomerular filtration,
and the C, can exceed that of inulin by 10
to 40 percent or more.’> This error, however,
does not substantially detract from the clini-
cal usefulness of the C. For example, a C,
of 35 mL/min indicates the presence of mod-
erately severe renal disease. The fact that the
GFR (as measured by the inulin clearance)
may actually be only 20 to 25 mL/min is not
so important since knowledge of the exact
GFR is usually not necessary.

The normal values for the creatinine clear-
ance are>>:
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1. In men, 120 + 25 mL/min (about 175
L/day).

2. In women, 95 = 20 mL/min (about 135
L/day).

3. The creatinine clearance normally declines
with age, falling almost 1 mL/min per

- year over the age of 40.”

4. In infants, 17 mL/min per 1.73 m? body
surface area (the size of the average adult)
at birth, increasing to 50 mL/min per
1.73 m? by 4 weeks, and to adult levels
by 1 year of age (about 100 mL/min per
1.73 m?.%°

The C,, is usually determined in the follow-
ing way. Venous blood is used for the P,,. Uri-
nary excretion (U, X V) is concomitantly
measured on a 24-h collection since shorter
collections tend to give less reliable results.'®
For example, a 30-year-old woman who
weighs 60 kg is being evaluated for possible
kidney disease and the following results are
obtained:

Pe = 1.5 mg/dL

U, = 100 mg/dL
V = 1080 mL/day

and
1080 mL/day __ .
1440 min/day S (e
Thus
U, XV
G
= —100 1>(50.75 = 50 mL/min

Since this is roughly one-half the normal C,,
this patient has lost approximately one-half
of her GFR.

The major error involved in the determi-
nation of the C is an incomplete urine col-
lection. For this reason, it is important to
know the normal values for creatinine excre-
tion. In adults under the age of 60, daily cre-
atinine excretion should be 20 to 25 mg/kg
lean body weight in males and I'5 to 20 mg/kg

in females.>!" From the ages of 60 to 90,
there is a progressive 50 percent reduction
in creatinine excretion (from 20 to 10 mg/kg
in males), probably due to a decrease in
skeletal muscle mass.!" If creatinine excre-
tion is found to be much less than these
values, an incomplete collection should be
suspected. In the patient described above,
creatinine excretion was 18 mg/kg per day
(1080 mg/60 kg), suggesting that a complete
collection was obtained.

P AND GFR

Changes in, and estimation of, the GFR also
can be ascertained from measurement of the
P, a simpler test to perform than the C,,. In
a subject in the steady state,

Creatinine excretion
= creatinine production

Creatinine excretion is roughly equal to the
amount of creatinine filtered (GFR X P.),
whereas the rate of creatinine production is
relatively constant. If these substitutions are
made in the above equation,

GFR X P, = constant

Thus, the P, varies inversely with the GFR. If,
for example, the GFR falls by 50 percent,
creatinine excretion also will be reduced. As
a result, newly produced creatinine will ac-
cumulate in the plasma until the filtered
load again equals the rate of production.
This will occur when the P, has doubled,

! GFR X 2P, = GFR X P, = constant

In adults, the normal P, is 0.8 to 1.3 mg/dL
in men and 0.6 to 1.0 mg/dL in women.*?

*Since children are growing and have an increasing
muscle mass, the P, increases with age. From the ages of
1 to 20, the normal P, can be estimated from the
following formulas'?:

Per = 0.35 + age (years)/40
= 0.35 + age.(years)/55

(boys)
(girls)



] PATHOPHYSICLOGY OF RENAL DISEASE

The reciprocal relationship between the
GFR and the P, is depicted in Fig. 1-2, There
are three important points to note about this
relationship. First, this curve is valid only in
the steady state. If a patient develops acute
renal failure with a sudden drop in the GFR
from 120 to 12 mL/min, the P, on day 1 will
still be normal since there will not have been
time for creatinine to accumulate in the
plasma. After 7 to 10 days, the P will stabi-
lize roughly at 10 mg/dL, a level consistent
with the reduced GFR. A clinical application
of this concept is seen with the use of drugs
that are excreted in the urine. When given
to patients with renal insufficiency, they
should be administered in reduced dosage
(see Chap. 13). Nomograms have been de-
vised which relate drug dosage, e.g., for gen-
tamicin, to the P, on the assumption that
the latter is a reflection of the GFR."> How-
ever, this is true only in the steady state. If
the above patient with acute renal failure
were given gentamicin in full dosage because
of the normal P, toxic levels would ensue.

It should be remembered that the steady
state can be disturbed by changes in creati-
nine production as well as in GFR. When
creatinine production is acutely increased,

80 — 8-
60 — 6
N S
g 12
g O s 4
2 [+
20— 2
}-_ —
| I | | 1 o pr- j 1
30 60 9% 120
GFR, mL/min

as with severe muscle breakdown, the P
can increase out of proportion to any change
in GFR.'" For similar reasons, the P should
be measured when the patient is fasting,
since cooked meat and its broth contain
enough creatinine to transiently raise the P
by as much.as 1.0 mg/dL."”> This can result in
a doutling of the P, and an apparent 50 per-
cent reduction in GFR in a subject with
normal renal function.

Second, it is important to note the shape of
the curve. In a patient with normal renal
function, an apparently minor increase in the P
Sfrom 1.0 to 2.0 mg/dL can represent a marked fall
in the GFR from 120 to 60 mL/min. In contrast,
in a patient with advanced renal failure, a
marked increase in the P, from 6.0 to
12.0 mg/dL reflects a relatively small reduc-
tion in-the GFR from 20 to 10 mL/min. Thus,
the initial elevation of the P, represents the
major loss in GFR.

Third, the relationship between thé GFR
and the P is dependent upon the rate of
creatinine production, which is largely a’
function of muscle mass. In Fig. 1-2, a nor-
mal GFR of 120 mL/min is associated with a
P, of 1.0 g/dL. Although this may be true for
a 70-kg man, a similar GFR in a 50-kg woman

FIG. 1-2. Steady-state relationship between the
plasma creatinine concentration (P), blood
urea nitrogen (BUN), and GFR.
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might be associated with a P, of only 0.6
mg/dL. In this setting, a P, of 1.0 mg/dL is
not normal and reflects a 40 percent fall in
GFR.

To account for the effects of body weight,
age, and sex on muscle mass, the following
formula has been derived to estimate the C
from the P in the steady state in adult
menl6. i
__ (140 — age) X lean body weight

v P X 72

This value should be multiplied by \0.85 in
women since a lower fraction of the body
weight is composed of muscle. The units of
measure used in this formula are: C,, mL/mm,
age, years; lean body weight, kg; ‘and P,
mg/dL.

The results obtained thh this formula
appear to correlate fairly well with a simul-
taneously measured C.. Its usefulness can
be illustrated by the observation that a P, of
1.4 mg/dL represents a C, of 101 mL/min in
an 85-kg, 20-year-old man,

(140 — 20) X 85,
1.4 X 72

but a C. of only 20 mL/min in a 40-kg,

80-year-old woman,

(140 — 80) X 40
1.4 X 72

This example calls attention to [he danger of
overdosing eldérly patients who have seri-,

Cor =

Co=

Co=

X 0.85

ously impaired renal function despite a rela- -

tively normal P,,. The use of this simple for-
mula, while not absolutely accurate, will help
to avoid this problem.

In summary, the P, varies inversely with
the GFR in the steady state. Because of this
relationship, serial measurements of the P
can be used to look for disease progression
in patients with kidney dysfunction. The loss
of functioning nephrons usually is associated
with a reduction in the GFR and should re-
sult in an increase in the P,

PREDICTING THE COURSE OF RENAL FAILURE

In many patients with progressive renal dis-
ease, the rate of progression is relatively
constant. As a result, the GFR should de-
crease linearly with time. Since the GFR var-
ies inversely with the P, the reciprocal of
the P, (1/P.) should also decline at a rela-
tively uniform rate. This prediction has,been
verified in patients with a variety of chronic
renal diseases.*'” The manner in which this
relationship can be used clinically is illus-
trated in Fig. 1-3. During the first 2 years of

. observation, this patient had a progressive

reduction in renal function. Maintenance
dialysis is usually required shortly after the
P, reaches 10 mg/dL (1/P, = 0.1). By extrap-
olation, this should have occurred within

Low-protein
diet

°:'5 \ e
3 \
AN
o L
\\
r N
N\
. . N
T 1 1 I 1 AW}
0 1 2 ; 3 4 >
Time, years

FIG. 1-3. Plot of the reciprocal of the P, versus
time in a man with chronic pyelonephritis. There
was a progressive and uniform decline in renal
function during the first 2 years of observation.
If this course had continued (dashed line),
end-stage renal disease (P, = 10 mg/dL, 1/P, =
0.1). would have occurred within the next 3
years. However, the institution of a low-protein
diet (see “Compensatory Glomerular Hyperfiltra-
tion,” below) resulted in stabilization of the P,
and, since muscle mass was constant, the total
GFR.
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the ensuing 2 to 3 years. However, effective
therapy was begun at this time, resulting in
prolonged stabilization of the P..

POTENTIAL ERRORS IN INTERPRETATION OF THE Pcr

In a variety of circumstances, the P, may be
elevated without change in the GFR. This
can result from increased creatinine produc-
tion, decreased creatinine secretion, or the
presence of compounds in the plasma, which
may be measured as creatinine in certain
assays (Table 1-1),'41>18-23

Acetoacetic acid, for example, is measured
as a noncreatinine chromagen by the alkaline
picrate method. This can raise the measured
P, by 0.5 to 2 mg/dL or more in patients with
ketoacidosis.?*?! This effect is rapidly reversed
with correction of the ketoacidosis.

Cimetidine and trimethoprim, on the other
hand, are organic bases which can competi-
tively inhibit creatinine secretion by the or-
ganic base secretory pump in the proximal
tubule. The net effect is a mild elevation in
the P, (usually less than 0.5 mg/dL).'*'® Ra-
nitidine, a histamine (H,)-receptor antagonist
like cimetidine, does not appear to raise the
P..?* Although ranitidine is also an organic
base, it is generally given in much smaller
doses (300 .versus 1200 mg/day). The net
result is much less tubular secretion of raniti-

TABLE 1-1. Factors Which Can Increase the P
without Change in the GFR )

Increased creatinine production
Massive rhabdomyolysis'4
Ingestion of cooked meat and its broth!®
Compounds which decrease creatinine excretion
by competing for secretion by organic base secretory
pump
Cimetidine '8
Trimethoprim !°
Compounds measured as creatinine in certain assays
Acetoacetic acid in ketoacidosis20-2!
Cefoxitin?2
Flucytosine??

3

dine and little interference with that of cre-
atinine.?*

BLOOD UREA NITROGEN AND GFR

Changes in the GFR also can be detected by
changes in the concentration of urea in the
blood, measured as the blood urea nitrogen
(BUN). Like creatinine, urea is excreted pri-
marily by glomerular filtration and the BUN
tends to vary inversely with the GFR (Fig. 1-2).

However, two factors can alter the BUN

~ without change in the GFR or P, First, urea

production may not be constant. Urea is
formed by the hepatic metabolism of amino
acids not utilized for protein synthesis. As
amino acids are deaminated, ammonia is
produced. The development of toxic levels
of ammonia in the blood is prevented by the
conversion of ammonia (NH;) into urea in a-
reaction that can be summarized by the fol-
lowing equation: '

(0]

2NH; + CO, - H,N — C — NH; + H,0

Urea

Thus, urea production and the BUN are in-
creased when more amino acids are metab-
olized in the liver. This may occur with a
high-protein diet, enhanced tissue break-
down (due to trauma, gastrointestinal bleed-
ing, or the administration of corticosteroids),
or decreased protein synthesis (due to tetra-

* cycline).?” On the other hand, urea produc-

tion and the BUN ‘are reduced by severe
liver disease or a low protein intake.
Second, urea excretion is not determined
solely by glomerular filtration. Approximately
40 to 50 percent of the filtered urea is nor-
mally reabsorbed by the tubules. The reab-
sorption of urea tends to follow passively
that of sodium and water. Thus, in states of
volume depletion in which proximal sodium
reabsorption is increased, urea reabsorption



