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Abstract

This chapter is an overview of the biochemical evaluation of patients with urinary tract
stone disease. The aim is to give practical aspects on how the search for risk factors can be
carried out when stone composition is known or unknown. The physical chemistry of stone
formation is superficially touched.

Aspects on the importance of the medical history, the radiographic evaluation, and the
stone, blood, and urine analysis are discussed. The goal of every metabolic or biochemical
evaluation is to provide a basis for a reasonable and effective recurrence prevention. The
intention with this chapter is to give information in this regard.
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Introduction

For a rational and effective prevention (metaphylaxis) of
recurrent stone formation in the urinary tract, it is necessary
to identify relevant risk factors that explain or contribute to
the pathology [1]. In view of the fact that almost all patients
with uric acid stones, infection stones, and cystine stones and
approximately at least 50 % of patients with calcium stones
will continue to form new stones, measures aiming at a
reduced risk are highly desirable.

It is of note that the introduction of noninvasive or low-
invasive methods for active stone removal, undoubtedly,
resulted in a rather nihilistic attitude among several urolo-
gists who subsequently considered both risk evaluation and
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recurrence prevention as unnecessary overdoing for their
stone patients.

Although a definite explanation for calcium stone forma-
tion is lacking, there are several obvious risk factors, the cor-
rection of which will result in an arrest or at least a significant
reduction in the rate of stone formation. For patients with
uric acid, cystine, and infection stone formation, the causes
are well recognized and so are the therapeutic tools.

Moreover, it needs to be emphasized that although the pro-
cedures for stone removal have become dramatically improved
and relatively easy, none of such procedures are entirely with-
out complications and definitely not without cost. Active
stone removal—with a slightly increased indication during
recent years—is applicable to roughly 30—40 % of the patients
[2, 3]. For the remaining patients, stones are expected to pass
spontaneously. In most situations, a nonsurgical treatment is
superior to all kinds of surgical stone removal in its widest
sense. Also for the latter group of patients, it will usually be
necessary with medical support and very often repeated visits
to an emergency unit. According to several economic analy-
ses, selective recurrence prevention is cost effective [4—10].
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Stone Composition

Search for factors responsible for or contributing to the stone
formation requires knowledge of the stone composition. The
fundamental step in the evaluation of the disease, therefore,
is an appropriate stone analysis. How this analysis techni-
cally should be carried out is extensively discussed elsewhere
in this book (see Chap. 85). Suffice it here to state that patients
always should get instructions to collect passed stones or
stone fragments. Analysis of the stone composition is recom-
mended at least once for every patient. Repeated analysis is
indicated if it can be assumed that the prerequisites for stone
formation for any reason have been changed [4].

With an appropriate stone analysis, we will know
whether the patient has produced a calcium stone with cal-
cium oxalate (calcium oxalate monohydrate [COM] and/
or calcium oxalate dihydrate [COD]), calcium phosphate
(hydroxyapatite [HAP], octacalcium phosphate [OCP],
carbonate apatite, whitlockite, or brushite), mixtures of
calcium oxalate and calcium phosphate, or a non-calcium
stone composed of infection stone material (magnesium
ammonium phosphate + carbonate apatite, ammonium
urate), uric acid, or cystine. The stone analysis also makes
it possible to identify stones composed of less commonly
encountered crystal phases such as 2,8-dihydroxyadenine,
xanthine, and silicates.

Not unexpectedly a large number of patients never bring a
stone to analysis, because the stone material has been lost,
passed without any obvious symptoms, or remains in the
renal collecting system inaccessible to appropriate analysis.

Also in these cases it is desirable to draw reasonable conclu-
sions on the stone composition.

In the absence of a stone analysis, qualified indirect
assumptions are necessary [11]. An algorithm for such a pro-
cedure is shown in Fig. 84.1.

Today, the stone diagnosis is established by urographys;
plain radiograph of kidneys, ureters, and bladder (KUB); or
non-contrast helical computerized tomography (NCCT).
Ideally, when both KUB and NCCT have been carried out, it
can be concluded that a stone visible on the NCCT image
and not visible on the KUB most likely is composed of uric
acid [4, 12]. It should be noted, however, that very large
stones composed of uric acid give a weak density also on the
KUB.

When only a KUB is available, some features are useful.
Infection stones (staghorn or non-staghorn stones) usually,
but not always, have a layered morphology. Cystine stones
have a radiodensity that is low relative to the size of the stone.
Stones with a very compact structure with a high density are
usually composed of COM or brushite, whereas stones with
burdock (spiky) morphology suggest COD. It is of note that
complete staghorn stones can develop with any crystal phase,
and the finding of a staghorn stone does not necessarily mean
an infection etiology.

When an NCCT examination is available, measurement
of Hounsfield units (HU) can be very helpful for the deci-
sions on the stone composition [13]. Unfortunately, there is
an overlapping of HU recordings for different stone constitu-
ents. The latter problem has recently been addressed by
applying dual photon energy technique [14, 15], but such
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advanced facilities presently have limited availability. Three
HU intervals can roughly be used for practical conclusions
on stone composition: high (HU > 1,000), medium (HU =500-
1,000), and low (HU<500). The low values correspond to
stones composed of uric acid, cystine, and struvite (magne-
sium ammonium phosphate) and the highest for COM and
brushite. Stones with intermediate HU values might be com-
posed of COD, HAP, and carbonate apatite. Further support
for an appropriate conclusion on stone composition can be
made with other tools.

Microscopic identification of typical cystine (hex-
agonal) or struvite (coffin-shaped) crystals is diagnostic
for cystinuria and infection stone disease, respectively
[11, 16, 17]. Demonstration of COD crystals might indi-
cate calcium oxalate stone formation, but such crystals
are commonly encountered also in urine from non-stone-
forming subjects and thus of limited diagnostic value.
Urine sediment with brown/red color (from a sample with-
out hematuria) is typically found in association with uric
acid stones.

When cystine is a possibility, the sodium nitroprusside
test (Brand’s test) is a useful qualitative analysis to confirm
cystinuria [18].

A low urine pH is associated with uric acid stone for-
mation [19, 20] and a high pH with infection stones and
calcium phosphate stones [21]. In the absence of stan-
dardized principles for pH measurements, it is usually
difficult to use urinary pH for conclusions, unless the pH
recordings are extreme. Fasting morning urine samples
might be most useful in this regard and also of value for
decisions on whether the patient has an acidification defect
or not [4, 22-24], but it is not always possible to get such
samples.

A high serum or plasma level of urate (in patients with
normal renal function) might give further support to uric acid
stone formation, provided other observations do not exclude
that type of stone.

When still in doubt of the kind of stone disease, measure-
ments of supersaturation levels with uric acid and cystine can
give valuable information. This approach is further discussed
as follows.

Medical History

Like in most other fields of medicine, a careful medical
history can give valuable clues to or a full explanation of
the stone disease. There are several medical diseases as
well as various forms of pharmacological treatment that are
more or less closely associated with an increased risk of
abnormalities in urine composition, crystallization, and
stone formation. The most important of these factors will
be summarized below.
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Diseases Associated with Stone Formation

One of the best recognized explanations for calcium stone
formation is hyperparathyroidism [22, 25-27]. Adenomas or
hyperplasia of the parathyroid glands is responsible for an
excessive production of parathyroid hormone (PTH). The
biochemical consequence that leads to stone formation is
hypercalciuria caused by hypercalcemia. The importance of
a correct diagnosis is best understood by the fact that a cor-
rection of this abnormality usually results in arrest of stone
formation.

There are also other conditions with hypercalcemia that
result in an increased urinary excretion of calcium and
accordingly an increased risk of calcium stone formation. In
this regard, sarcoidosis and immobilization need attention.
High urinary calcium levels also are encountered in patients
with hyperthyroidism [22].

Abnormalities in intestinal function with fat malabsorp-
tion, loss of water, and alkali are seen in patients with Crohn’s
disease, intestinal resection, different forms of bypass proce-
dures used for weight-reducing purposes, pancreatic
insufficiency, and other conditions with intestinal malfunc-
tion [22, 25-27]. The risk of stone formation is based mainly
on high urinary concentrations of oxalate (enteric hyperox-
aluria), but the small urine volumes together with low pH
levels also contribute to a pronounced crystallization propen-
sity. These patients also have low excretion of calcium, but
since oxalate is a relatively more powerful determinant of
calcium oxalate supersaturation, very high crystallization
driving forces are obtained.

Although the majority of patients with intestinal malfunc-
tion and diarrhea form calcium oxalate stones, it is of note
that uric acid stones commonly are seen in patients with ileo-
stomy, because of the very low pH levels encountered as a
result of extreme losses of alkali. Similarly in patients with
ulcerative colitis, both uric acid and calcium oxalate stones
might form.

Whereas 24-h oxalate excretion levels in the range of
0.6—1.2 mmol are typical for patients with enteric hyperox-
aluria, higher oxalate values might suggest primary hyperox-
aluria [22]. This rare inborn error of metabolism can present
with different degrees of severity. In the most advanced form,
it is a life-threatening condition with both excessive calcium
oxalate stone formation and calcium oxalate tissue deposits.
Primary hyperoxaluria must be excluded when stone forma-
tion starts very early in life.

There are some less common disturbances in purine
metabolism leading to increased excretion of urate and uric
acid stone formation. In Lesch-Nyhan syndrome, the treat-
ment with high doses of xanthine oxidase inhibitors might
result in precipitation of xanthine [22]. Xanthine oxidase is
responsible both for the conversion of hypoxanthine to xan-
thine and of xanthine to urate. Another abnormality in



674

purine metabolism (defect function of adenine phosphori-
bosyltransferase) is the origin of 2,8-dihydroxyadenine
stones [22].

Distal renal tubular acidosis (dRTA) in a complete or par-
tial form causes stone formation by a combination of hyper-
calciuria and alkaline urine. The acidification defect also
leads to hypocitraturia. The condition that is most common
in women should be suspected in case of calcium phosphate
stone formation [24]. The inability to acidify urine below pH
5.8 is of diagnostic importance [4, 23]. A fasting morning
urine pH, analysis of urine pH in repeated collections during
the day (pH profile), or analysis of urine after an acid load
can be used for diagnostic purposes (discussed later) [24].
Proximal renal tubular acidosis (pRTA) is not associated
with stone formation.

Cystinuria is an inborn error of metabolism that explains
stone formation in 1-2 % of stone formers. The homozygous
form is necessary for cystine concentrations leading to stone
formation. The increased excretion of the amino acids lysine,
ornithine, and arginine that also are excreted in large quanti-
ties is not important for stone formation, and the loss of these
amino acids is generally considered to be without important
physiological or metabolic consequences.

The increased risk of stone formation in patients with
metabolic syndrome is well recognized [28, 29], and so is the
risk of stone formation in patients with hypertension and dia-
betes mellitus [29].

Pharmacological Agents Associated
with Stone Formation

There are some forms of pharmacological treatment to which
attention should be paid as a possible explanation of stone
formation.

Supplements of calcium and vitamin D commonly used in
the treatment of patients with osteoporosis can give rise to
hypercalciuria [30]. The intake of these agents together with
meals—and not between—should be advised.

Vitamin C in large (orthomolecular) quantities can
result in an increased excretion of oxalate. Individual vari-
ations most certainly exist, and the allowed amount of vita-
min C has remained a matter of debate. It is commonly
considered safe if the daily amount of ascorbate does not
exceed 2—4 g [31-33].

Thyroid hormone causes hypercalciuria. Acetazolamide
increases urine pH while simultaneously reducing urinary
citrate in a way similar to that seen with dRTA [34]. These
alterations lead to an increased risk of calcium phosphate
precipitation and stone formation.

The low solubility of sulfonamides, triamterene, and indi-
navir might result in precipitation and stone formation with
that composition.

H-G. Tiselius

Treatment with corticosteroids increases the risk of stone
formation by an increased calcium excretion.

Identification of Anatomical
and Morphological Abnormalities

Factors causing stagnation of urine or a turbulent flow are
probably of great importance in the stone-forming process,
and their presence needs to be identified.

Conditions with obstruction of the ureteropelvic junction,
ureteral strictures, horseshoe kidneys, and malrotated kid-
neys are usually associated with hydronephrosis. Crystalline
material that develops in retained urine of a dilated collecting
system cannot easily be eliminated [35, 36]. In sufficiently
supersaturated urine, the crystals grow and aggregate to clin-
ically important stones. Intrarenal obstructions to the urine
flow, such as narrow calyx necks and calyx diverticula, are
other risk factors of stone formation.

All of the mentioned anatomical abnormalities can usu-
ally be detected by NCCT.

Another common clinical entity is tubular ectasia (medul-
lary sponge kidney disease [MSK]). This abnormality might
occur in the whole kidney or only in part of the kidney. The
best procedure for discovering MSK is probably by a stan-
dard urography [37, 38].

With NCCT, the diagnosis can be indirectly suspected
from the distribution of calcifications. For correct diagnosis
of MSK with NCCT, special image manipulation is neces-
sary, and with the less common use of contrast medium,
there is a risk that the diagnosis of MSK often will be
overlooked.

It also needs to be emphasized that those patients who
have been subjected to invasive surgical procedures might
have scar tissue and various iatrogenic intrarenal abnormali-
ties of great importance for stone formation.

Basic Blood Analyses

For all patients with urolithiasis, it is essential to get infor-
mation on the renal function. Thereby, analysis of serum(S-)
creatinine is a sufficiently accurate guide.

As mentioned previously, detection of hyperuricemia can
give support to an otherwise suspected risk of uric acid stone
formation. It is of note, however, that S-urate is increased
when the renal function is reduced, and a simultaneous
S-creatinine analysis is necessary for conclusions. Moreover,
anormal urate level in no way excludes the possibility of uric
acid stone formation. A relationship between hyperuricemia
and calcium oxalate stone formation also has been suggested
[39]. There are, unfortunately, no recent studies of such a
mechanism, and possibly, a high urate level only reflects one
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of several abnormalities associated with the metabolic syn-
drome [21, 28, 29].

Inasmuch as most patients form calcium stones, it is impor-
tant to find those in whom hypercalcemia is an underlying
reason. Of conditions with hypercalcemia, it is most essential
to identify patients with hyperparathyroidism, because that is
in most cases a surgically curable condition. When the serum
or plasma calcium exceeds 2.50-2.60 mmol/L, there is good
reason to repeat the measurement and to add analysis of ion-
ized calcium and PTH. Moreover, analysis of S-phosphate
might be of diagnostic value in these patients.

Another important serum variable is S-potassium, since
hypokalemia causes hypocitraturia [40, 41] and thereby an
increased risk of calcium oxalate and calcium phosphate pre-
cipitation, growth, and aggregation [40, 42].

The blood analyses mentioned here are the only ones that
I personally find unavoidable in the work-up of patients with
stone disease. It is of course important to note that specific
circumstances might require other blood analyses, but the
variables listed are those that should be considered as a basic
set for every stone former.

Solution Chemistry of Uric Acid

Precipitates in which urate is an important constituent are
most often composed of uric acid. Although sodium urate
theoretically can form stones, that crystal phase is rarely
encountered clinically, and the same is true for potassium
urate. The most common crystal phase beside uric acid is
ammonium urate, but the formation of an ammonium urate
precipitate is a result of infection with urease-producing bac-
teria at sufficiently high concentrations of urinary urate. The
latter precipitate therefore should be considered to reflect an
infection stone problem (see later) [4].

There are two prerequisites for formation of uric acid stones.
Firstly and most important, the pH should be low. Secondly,
there must be a reasonably high concentration of urate, either
caused by an excessive excretion of urate or by a small urine
volume. But it needs to be emphasized that uric acid precipita-
tion can occur also with normal urinary urate concentrations,
provided the urine is sufficiently acid. With this basic under-
standing, the ion-activity product of uric acid AP .. can be
calculated from the following formula [21, 22]:

C

urate

AP B 1070.53
e T (1 41.6310%107M)

In this formula, the concentration of urate (C ) is
expressed in mol/L. The formation (FP) and solubility (SP)
products of uric acid are approximately 5.0 - 10~ (mol/L)?

and 2.0 - 10~ (mol/L)?, respectively [21].
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From a clinical point of view, AP .. can be derived
from analyses of a 24-h urine sample only by measuring
urate and pH. It is essential, however, to get a representative
measurement of urine pH, and it has been the author’s own
routine to measure the urine composition in one 16-h and
one 8-h urine sample [4, 11]. Even such an approach is not
ideal, but in most clinical situations, it gives a rough idea of
the supersaturation with uric acid. This analytical step also
can be very helpful to confirm or exclude uric acid stone dis-
ease. The therapeutic goal in uric acid stone-forming patients
should be to decrease APuric cqtoa level below SP i

Sodium azide (0.3 mmol/L) is an appropriate preservative
to add to the collection bottles: 30 mL for a 24-h urine sam-
ple, 20 mL for a 16-h sample, and 10 mL for an 8-h sample
[11]. Moreover, it needs to be emphasized that the pH should
be measured with a glass electrode as soon as possible after
completion of the urine collection. That means that the sam-
ple should be taken care of within the first few hours after
delivery of the sample to the laboratory. It goes without say-
ing that urate cannot be measured in acidified samples!

Corresponding formulas for AP .~ ‘“and AP .
have been derived and can be found elsewhere [21].

The estimate of AP . . shown previously can be used as
part of a risk evaluation, but it is also an excellent tool for
follow-up of patients during recurrence prevention or stone

dissolution.

Solution Chemistry of Cystine

An estimate of the ion-activity product of cystine (APcymnC)
is obtained from information on the concentration of cys-
tine in urine and the pH. Although the expression for cal-
culating APCysline looks complicated, the formula can easily
be stored in a computer and only requires information on
the concentration of cystine (C__. ) and pH in any urine
cystine
sample [22]:

o (10"*C, ;0155
S 14 (0.3910%10™) + (10™)*3.5110°) |

ystine

Roughly and at normal urine pH levels, the risk of form-
ing cystine crystals occurs when the cystine concentration
exceeds 1 mmol/L [43]. The solubility of cystine is increased
when the pH is increased, and a rule of thumb tells us that
approximately 2 mmol/L can be held in solution at pH 7 and
3 mmol/L at pH 8. It is, however, difficult to maintain a urine
pH of 8 in a consistent way, and such pH levels can only be
expected with powerful pharmacological alkalinizing ther-
apy [43]. Nevertheless, it is important always to include a pH
measurement in the biochemical work-up and follow-up of
patients with cystinuria.
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Similar to what was stated previously for AP . . AP e
can be derived from analytical data in 24-h urine, from any
other short-term urine collection, or even from a spot urine
sample. Sodium azide (3 mmol/L) is an excellent preserva-
tive, and 30 mL is recommended for a 24-h sample.

The concentration of cystine should be analyzed with
amino acid chromatography, whereby also the concentra-
tions of lysine, ornithine, and arginine are obtained [43]. The
latter three amino acids are important for diagnostic pur-
poses, but they are otherwise thought to be without clinical
importance. The possible long-term effects of constant loss
of all four amino acids, however, have been poorly studied.

The excretion of cystine increases with a high sodium
load [44], and if there is a clinical interest in urinary sodium,
it should be noted that the collection either has to be made
without sodium azide or corrected for the sodium that already
is present in the bottle. In a therapeutic and follow-up per-
spective, it is, of course, necessary to closely look at the urine
volumes produced by the patient.

Biochemical Evaluation of Patients
with Infection Stone Disease

Although it is possible to get an approximate estimate of the
ion-activity product of magnesium ammonium phosphate
(AP,,,,) [21], the clinical value of such calculations is usu-
ally small, partly because of the mixture of crystal phases
that comprise the infection stone (struvite, carbonate apatite,
and hydroxyapatite) and partly by the fact that infection
stones only form and grow in urine with urease-producing
microorganisms. The urease activity also brings the pH up to
high levels, and it is generally considered that infection stone
material does not precipitate unless the pH exceeds 7.5-8
[22]. A standard urine culture in most situations can be used
for identification of the microorganism responsible for the
stone formation. A specific analysis is required to show
whether the microorganism produces urease or not, and the
laboratory should be asked to provide that information.
Occasionally, infection with Ureaplasma urealyticum is the
responsible factor, and if no bacterial growth or history of
bacterial infection can be demonstrated in patients who
apparently have formed infection stones, it is worthwhile to
look for that microorganism. Detection of Ureaplasma ure-
alyticum, however, requires a special sampling technique
with a specific medium [45].

In the work-up of patients with stones and infection, it is
essential to distinguish between infection stones and stones
with associated infection. The latter group of patients has
stones of another composition, usually calcium oxalate, that
have been secondarily infected with bacteria not producing
urease. Such infection has been associated with originally
sterile stones, and it is not unusual that such a development
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is initiated after invasive stone-removing procedures with or
without residual stone material in the kidney.

When urease-producing microorganisms are the cause of
secondary infection, it therefore often is necessary to search
for risk factors also of calcium stone formation (see below).

Without appropriate recurrence prevention, there is a high
risk of rapidly recurring and growing infection stones, and
the efficacy of the treatment efforts is better followed with
repeated radiographic examinations than with urine analy-
ses. Nevertheless, urine cultures and occasionally pH mea-
surement can be recommended for the long-term recording
of these patients.

Biochemical Risk Evaluation of Patients
with Calcium Stone Disease

Although our understanding of how calcium stones form in
the urinary tract is far from complete, it is undisputable that
the composition of urine plays an important role. Hereby, the
levels of saturation/supersaturation with calcium oxalate as
well as with calcium phosphate [21, 46] together with concen-
trations of factors that are considered as important modifiers
of crystal nucleation, crystal growth, and crystal aggregation
are of interest [47]. From a clinical point of view, the available
information to a large extent is limited to what we can mea-
sure in finally processed and voided urine. This shortcoming
becomes particularly obvious when we consider that the
initial—and possibly most important—steps in calcium stone
formation appear to take place at high nephron levels, where
the urine composition is much different from that recorded in
caliceal, pelvic, or bladder urine. Nevertheless, it stands to
reason that precipitation of calcium oxalate—the major con-
stituent of most stones—obviously in most cases does not take
place at levels above the distal part of the collecting ducts
[48-51]. Recent evidence, moreover, indicates that the forma-
tion of calcium oxalate occurs either at areas of submucosal
Randall’s plaques exposed to urine by epithelial erosion or as
trapped accumulations of calcium phosphate at the opening of
the collecting ducts on the tip of the papilla [52-54].

If we disregard changes in urine composition that can be
expected to occur during the passage of urine through cal-
ices, renal pelvis, ureters, and during storage in the blad-
der, final urine is likely—at least to some extent—to reflect
the biochemical environment in which stone formation
takes place.

It is thus logical that the biochemical risk evaluation
should comprise analysis of the composition of one or sev-
eral 24-h urine samples or any other sample of urine col-
lected during a defined period of the day [4]. Although
practically convenient, this routine is far from optimal. Urine
composition varies considerably during the day as a result of
food intake, drinking, and physical activities [55].
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The risk of pathological or abnormal crystallization is
not a continuous process, but is likely to be associated with
peaks of supersaturation with either calcium oxalate or
calcium phosphate or with other risk factors of stone for-
mation. Such peaks never can be identified when urine is
analyzed in long-term urine collections, in which we only
can conclude whether individual urine variables, calculated
risk parameters, or levels of saturation seem to be above or
below an expected average or not. The ideal risk evalua-
tion accordingly should be carried out by analysis of urine
composition in a continuous series of short-term urine sam-
ples (e.g., 1, 2, or 4 h) during one or many 24-h periods.
Such measurements also have been reported in the literature
[55-57], but the extensive number of analyses that such
approach requires is a limiting factor in the clinical routine
work. Another problem is that there often is an obvious
reluctance from patients to handle their own urine, and to
accomplish analysis of a large number of correctly collected
samples during one or several 24-h periods under normal
living conditions, therefore, is less likely to be successful
unless in specific cases.

The number of analyses required for useful information
might be advantageously reduced by using, for instance, the
Bonn Risk Index [58] or direct measurements of the risk of
calcium oxalate crystallization [21]. Such procedures, how-
ever, cannot be applied without special equipment and ana-
lytical expertise that are not commonly available. There are
also some test kits aiming at measurement of the crystalliza-
tion propensity of urine samples, but the experience of such
methods is limited [59].

The bottom line is that analysis of composition of 24-h or
any urine sample collected during a defined period of the day
is useful for the biochemical work-up of patients with cal-
cium stone disease. But it is important to be aware of the
limitations outlined previously because they also explain
why comparison between normal subjects and stone-forming
patients very often only gives discrete differences with a
large overlapping of data [60, 61].

Whether one or a series of urine collections are necessary
has remained a matter of debate over the years. Most cer-
tainly, the likelihood of finding one or several abnormalities
increases with the number of collections [23, 59]. The reason
for that is that urine composition varies not only from hour to
hour but also from day to day and from week to week and is
subject to a significant variation during the year. It is not easy
to know how such a problem best should be handled from a
clinical point of view, but the author’s own preference has
been that if one urine collection does not give any clues to
the individual’s risk of stone formation, then a repeated col-
lection appears appropriate [62]. With such a routine, it has
been possible to maintain good cooperation with the patients
and still to get valuable information as a basis for recurrence
preventive measures.
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So what should be analyzed? In order to get sufficient
information on the saturation levels, relatively accurate ion-
activity products of calcium oxalate and various calcium
phosphate crystal phases can be obtained by iterative approxi-
mation as published in the literature by Robertson and cowork-
ers [63]: EQUIL2 [64], SEQUIL [65], JESS [66], or any other
computerized calculation program. A major disadvantage is
that all of them require a large set of urine variables.

Based on calculations carried out with the EQUIL pro-
gram, it was shown that the most important determinants for
the ion-activity product of calcium oxalate are the excretion
of calcium, oxalate, citrate, magnesium, and the urine vol-
ume [21]. For the ion-activity product of calcium phosphate
(AP_,), the corresponding variables are calcium, phosphate,
pH, citrate, and urine volume [67]. From these urine con-
stituents, approximate estimates (indices) of the ion-activity
products were derived [21]:

0.84

A-Calcium™"-Oxalate

AP(CaOx) index =
( ) Citrate”*-Magnesium®">-Volume"®

B-Calcium'”"-Phosphate®™(pH — 4.5)""

Citrate®**-Volume'*!

AP(CaP) index =

These indices, in which the excreted variables during the
collection period should be expressed in mmol and the vol-
ume in liters, correspond to the ion-activity products as
follows:

AP(CaOx )index ~10°- AP
AP(CaP)index ~10"- AP,

In the formula for calculating indices, A and B are
numerical factors determined by the duration of the col-
lection periods (Table 84.1). CaP does not represent a
specific calcium phosphate crystal phase but reflects the
ion-activity products of naturally occurring calcium phos-
phate crystal phases. Interpretation of AP, . . AP, and
AP, in terms of AP(CaP) index has been published
elsewhere [67].

Other factors that obviously are of great importance for
the risk of abnormal crystal formation are the influence of
various small as well as large molecular inhibitors of crystal-
lization [61, 68]. In calculations of AP indices or more accu-
rate ion-activity products, however, no consideration is paid
to the influence of urinary macromolecules [47]. Previous
studies have shown that by adding an estimate of the inhibi-
tion of crystal growth and/or crystal aggregation, an improved
distinction can be made between stone-forming patients and
normal subjects [61, 68]. Unfortunately, there are so far no
generally accepted routine methods for measuring various
inhibitory properties.
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Table 84.1 Factors A and B to be used when calculating AP(CaOx)
and AP(CaP) index values

Collection 24 16 12 8 4 2 1
period (h)

Factor 1.9 2.3 2.7 32 4.5 6.3 8.8
A—AP(CaOx)

index

10° x Factor 2.7 3.0 32 3.6 4.3 5.1 6.1
B—AP(CaP)
index

There is, however, no consensus on whether urinary inhib-
iting activities exert their most important effect in diluted
urine (at high nephron levels) or in whole urine (at a caliceal
level). Moreover, although there is an array of large mole-
cules that have an inhibitory or promoting activity, there are
no established ways in which they can be therapeutically
influenced except by changing pH and by increasing the
excretion of citrate and magnesium. Small molecular inhibi-
tors such as citrate and magnesium are already included in
the list of important determinants for the ion-activity prod-
ucts of calcium oxalate and calcium phosphate.
Therapeutically induced increments in citrate and magne-
sium might favorably reduce the ion-activity products of cal-
cium oxalate and calcium phosphate and in addition to that
increase the inhibition of the crystallization processes of
both salts. The clinical importance of other small molecular
inhibitors—such as pyrophosphate, phytate, and some metal-
lic ions—has not been definitely established and is therefore
not included in the routine risk evaluation suggested later in
this chapter.

Analysis of creatinine is of great importance in order to
decide whether the urine collection is complete or not. It is
common that patients deliver urine samples that do not cor-
respond to the urine produced during the intended collection
period. Samples might be too small or too large, but with
knowledge of the patient’s body weight, the recorded creati-
nine excretion can be compared with predicted creatinine
excretion. For 24-h urine samples, the relationship between
body weight and urinary creatinine is shown in Fig. 84.2
[11]. Analysis of urea is useful because the urea level reflects
the intake of protein. That value can be obtained from the
following formula [11, 24]:

Protein intake (g/24 h) = Urea (mmol/24 h}0.18+13

By comparing the accordingly recorded protein intake
with that recommended (0.8-1.0 g/kg body weight), the
dietary advice can be facilitated.

It has been suggested that urinary urate concentrations are
important for calcium oxalate precipitation. A salting-out
effect, as demonstrated experimentally, has been put forward
as the reasonable explanation for a relationship between
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hyperuricosuria and calcium oxalate stone disease [69].
There might be geographical variations of that risk, but it is
the author’s personal opinion that in most patients, a high
urate excretion reflects a diet that also in other ways changes
urine composition in a crystallization-promoting direction.
Contradictory results also have been reported from
allopurinol treatment of patients with calcium oxalate stone
disease [39, 70].

Recent as well as earlier reports have indicated that uri-
nary pH is of fundamental importance, not only for calcium
phosphate precipitation but also for calcium phosphate dis-
solution and thereby probably also for calcium oxalate pre-
cipitation/nucleation [48]. It is, however, not easy to get a
representative measurement of urine pH, which is subject to
a considerable variation during the day. What is said previ-
ously about the shortcomings of analysis of different urine
constituents in 24-h urine is even more relevant for pH.
Moreover, pH changes during storage, and if not measured
directly after completion of the urine collection, erroneous
results can be obtained. Ideally, pH should be recorded as a
pH profile with repeated and frequent measurement during
the 24-h period [24]. Alternatively, one or several pH mea-
surements in urine collected during well-defined periods
are useful and for larger groups of patients, undoubtedly,
most practical.

The following variables might be useful to include in the
search of risk factors of calcium stone formation [4]:

e Calcium

* Oxalate

¢ Phosphate

» Citrate

* Magnesium

« pH

e Volume

e Creatinine

e Urate (optional)
e Urea

For the measurement of pH, it has been the author’s own
preference to collect samples between 22:00 h and 06:00 h,
with sodium azide (10mL of a solution with a concentra-
tion of 3 mmol/L). Although this is not a fasting urine sam-
ple, it comes close to that and in anyway represents urine
from a standardized collection period. Inasmuch as the 8-h
urine sample suggested does not contain any acidifying
agent as preservative, the sample also can be used for anal-
ysis of urinary urate. In the latter case, it is also recom-
mended to measure creatinine provided that the total urate
excretion, and not only the concentration, is of interest.

The other urine variables should be analyzed in a urine
collection to which an acidifying agent has been added. It
can be a 24-h sample or any sample collected during
another defined period of the day. The author’s own rou-
tine during recent years has been a 16-h urine sample
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collected between 06:00 h and 22:00 h in a bottle contain-
ing 20 mL of 6 mol/L hydrochloric acid. Other acidifiers
can be used, but it is essential to keep the pH in the sample
sufficiently low (below pH 2) in order to avoid precipita-
tion of calcium oxalate or calcium phosphate in the bottle
and to dissolve any crystals that have been excreted with
urine. The other—and equally important—role of
acidification is to counteract oxidation of ascorbate to
oxalate [4]. Insufficiently acidified urine otherwise might
result in an overestimation of the excretion of oxalate. In
case of large urine volumes, it is recommended to measure
pH in the sample upon delivery and if necessary add more
hydrochloric acid (or another acidifying agent) to get a pH

below 2.0.

There are some points of note before proceeding to analy-
sis of urine for risk factors:

1. After any kind of active stone removal—open surgery,
shock wave lithotripsy (SWL), percutaneous nephrolitho-
tomy (PNL), ureteroscopy (URS), retrograde intrarenal
surgery (RIRS)—allow 4-8 weeks to pass before collect-
ing urine [4].

. Wait until there is little or no risk that fragments will be
excreted with urine.

. In case of bacteriuria, ongoing urinary tract infection, or
when hematuria is present, discard the sample and wait
for a better occasion.

. Send the sample to the laboratory as soon as possible. If
some delay is necessary, the sample can be stored in a
refrigerator up to 24-48 h. Otherwise, keep aliquots of
urine frozen until analysis.

Body weight kg

. It is important to note that the acidified sample cannot be
used for analysis of urate. Although alkalinization is an
option, it is better to measure urate in a separate sample
that has been collected without acid.

. Detailed instructions must be given to the patient in oral
as well as written form, to make sure that the patient starts
and finishes the urine collection in a correct way.

. Urine collection should be undertaken during conditions
that—as far as possible—reflect the normal (average
everyday) situation and not that of artificial living condi-
tions with unusual diet and excessive fluid intake.

. It also is of utmost importance that urine samples are
carefully mixed and heated to a temperature of 37 °C
before aliquots are drawn for analysis. This might appear
unnecessary to emphasize, but I am sure that neglecting
these steps explains numerous erroneous results.

Despite careful instructions on how to collect urine, expe-
rience has shown that during this procedure, people tend to
drink more than they usually do. Standardized estimates of
AP(CaOx) index and AP(CaP) index therefore have been
developed based on a 24-h urine volume of 1,500 mL (1.5 L
in the formula) during 24 h [21]. Inasmuch as the pH cannot
be measured in the 16-h sample suggested previously, the
standardized AP(CaP) index is derived for a pH of 7.0. These
two standardized indices are given the annotations “s”:
AP(CaOx) index_and AP(CaP) index . As mentioned, the fac-
tors A and B are determined by the duration of the collection
period, and some relevant numbers are given in Table 84.1.

Interpretation of AP(CaOx) and AP(CaP) index values is
partly hampered by our incomplete understanding of the



680

calcium stone-forming process. From previous calculations
and experiments, the formation of calcium oxalate crystals is
less likely to occur at AP_  values below 1.5-2.5 - 107*
(mol/L)? [21]. When a 16-h AP(CaOx) index of 1.5 is
recorded, it means that peak values of up to at least 2.5 can
have occurred during the collection period. In case of cal-
cium phosphate-induced precipitation caused by dissolution
of calcium phosphate, very high local levels of supersatura-
tion with CaOx are likely [48]. Such peak supersaturation
levels will never be reflected in AP(CaOx) index levels in
samples collected over longer periods of the day.

From a practical point of view, an AP(CaOx) index above
1.5-1.7 might indicate a need for actions to lower the super-
saturation. Similarly, an AP(CaP) index_ exceeding 50 indi-
cates an increased risk of calcium phosphate precipitation. In
this regard it is of note that AP(CaP) index_can be assumed
to reflect the AP__, in the distal part of the collecting duct.

With the result obtained from analysis of urine samples as
discussed previously, a reasonable basis should be available
for conclusions of factors responsible for or contributing to
the stone formation. The AP indices give an impression of
the concert action exerted by the various urine variables in
terms of forming urine critically supersaturated with calcium
oxalate and/or calcium phosphate. The individual urine vari-
ables subsequently can be used for dietary and drinking
advice or for choosing the most appropriate form of pharma-
cological therapy. Those issues are, however, extensively
discussed elsewhere in this book.

When Should Chemical Analysis
of Urine Be Carried Out?

If we first look at non-calcium stone-forming patients, it is
mandatory to measure the concentration of cystine in patients
with cystine stone formation. The supersaturation with cys-
tine (APCymne) should be calculated both as part of the initial
risk evaluation as during follow-up during recurrence pre-
ventive treatment. For uric acid stone formers, AP . . might
be a helpful estimate in the diagnostic work-up. But recur-
rence prevention usually can be started and maintained with-
out further analyses. In case of therapeutic failure, it is,
however, highly recommended to measure urine urate and
pH and calculate AP _ .

Patients with infection stones—Ilike patients with cystine
and uric acid stones—always should be given recurrence
preventive treatment [71]. The outcome of such a therapy
usually is best followed clinically in terms of new stone for-
mation and the presence or absence of bacteriuria. There is
thus no absolute need for any further analytical efforts.

In patients with calcium stone disease, there is a great
diversity in terms of the severity of stone formation. There is
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definitely a group of patients in whom a careful analysis of
risk factors should be strongly recommended. In others it
might be optional, whereas some patients have a mild dis-
ease (or what appears to be a mild disease) for whom a com-
plete urine analysis is overdoing. It also is important that the
patient is motivated to accept medical advice or treatment
based on urinary findings before an extensive risk analysis is
undertaken. That is, however, mostly a pedagogic problem.
Several categories of calcium stone formers can be
identified [4]. A relatively small group (category Rs) has a
frequently recurring stone formation, which by itself calls
for effective preventive measures. It is often difficult to get a
good estimate of the frequency of stone formation. There is
usually insufficient data available, and the patient has only a
vague idea when stones have formed. On the other hand, the
total number of stones (V) that has formed is usually better
recorded or known by the patient. With this information, a
stone age index (SAI) can be calculated as follows [46]:

N-100
Age

SAIl=

A value above 10 indicates a severe disease (Rs). To that
group—irrespective of the previous history of stone forma-
tion—should also be added those with specific risk factors
such as formation of brushite stones, as well as those with
medical diseases, anatomical abnormalities, and pharma-
cological treatment known to be associated with calcium
stone formation. The patients thus referred to category Rs
always should be considered for a complete metabolic risk
evaluation.

Mild recurrent stone formation (Rm) is defined by longer
intervals between stones and SAI usually in a range between
7 and 10. Those patients who do not have any residual stones
(Rmo) can probably be left with some general preventive
advice. Those with residual stone material (Rmres) might
definitely benefit from specific medical advice and/or phar-
macological treatment and accordingly that group of patients
should be offered a urine examination. The same probably is
wise also for first (single) stone formers with residuals (Sres).
In contrast, the first-time stone former without residuals (So)
can be given general advice, but that is all needed unless the
patient highly desires an evaluation in order to find a reason
for the stone. Of first-time stone formers, around 75 % remain
stone-free during a 10-year period [72].

For the categories (So and Rmo), the evaluation can be
restricted to a set of serum (or plasma) analyses including
calcium, phosphate, creatinine, potassium, and urate. Spot
urine sample can be used to exclude or confirm bacteriuria or
leukocyturia, and with a measurement of the pH, no further
analyses are necessary.
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Acid Load for the Diagnosis of DRTA

An intake of 0.1 g of ammonium chloride per kg body weight
together with 150 mL of water is followed by urine collec-
tion in five 1-h samples. At each collection, 150 mL of water
is taken. The pH should be measured before acidification in
each sample. If the pH is reduced to 5.4, the diagnosis of
dRTA can be excluded. The distinction between complete
and incomplete RTA is made from measurements of pH and
bicarbonate in blood. Whereas blood pH and bicarbonate are
normal in the incomplete form, low values are seen in patients
with complete RTA [24].

Conclusion

Appropriate consideration of relevant aspects of the
patient’s medical history and radiographic image, together
with analyses of stones, blood, and urine, is extremely
helpful for identifying risk factors of stone formation.
This is a field that unfortunately is neglected by too many
urologists, but a lot of problems and expenses can be
saved by paying attention to the etiology of stone forma-
tion in the individual patient. It is recommended that the
principles of risk evaluation are adapted both to the type
of stone that the patient has formed (if this is known) and
to the severity of the disease. These findings should pro-
vide the basis for subsequent recurrence preventive
measures.
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