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Abstract

Background Hypercalciuria and hypocitraturia are considered
the most important risk factors for urolithiasis. Citrate binds to
urinary calcium to form a soluble complex which decreases the
availability of ionized calcium (Ca®") necessary for calcium
oxalate formation and phosphate crystallization. The aims of
this study were to assess the Ca®" fraction in relation to total
calciuria, citraturia and urinary pH and to determine whether
urinary Ca”" concentration is a helpful biomarker in metabolic
evaluation of children with urolithiasis.

Methods We collected 24-h urine samples from 123 stone-
forming children and adolescents with hypocitraturia and
from 424 healthy controls. Total calciuria (total calcium,
Cawi), Ca®", pH, citrate, oxalate and Bonn Risk Index
(BRI) were assessed and compared between the two groups.
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Results Total calciuria and Ca*" content were higher in
stone-formers than in the healthy children. In both stone-
formers and controls, Ca®" content was inversely related to
citraturia and urinary pH, whereas the Ca*'/Cayy ratio
differed slightly between the groups. A large variability in
Ca*" level was found across individuals in both groups. The
BRI increased with increasing calciuria and urine acidity.
Conclusions Compared to controls, stone-formers with
hypocitraturia demonstrated a higher urinary Ca”" concen-
tration, but this was proportional to calciuria. The large
individual variability in urinary Ca>" content limits its prac-
tical use in metabolic evaluation of children with urolithia-
sis. However, the Ca/Citrate ratio may be a useful clinical
tool in evaluating children with urolithiasis.
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Introduction

Urinary calcium, one of the most important promoters of
kidney stone formation, appears in urine in both bound
and free states. A variety of small organic and inorganic
negatively charged molecules can form soluble (e.g. with
citrate) or insoluble (e.g. with oxalate or phosphate) com-
plexes with calcium. A small amount of urinary calcium
may also be bound to macromolecular amino acid residues
of urinary proteins [1-3]. Only a certain, but individually
variable, proportion of urinary calcium exists as ionized
calcium (Ca®"). The more urinary calcium that is fixed in
soluble and stable complexes the lower the probability of
formation of insoluble calcium salts from the particular
urine composition.

Although the urinary concentration of Ca®" is regarded as
one of the most important and pathophysiologically relevant
parameters in the process of calcium stone formation,
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standard metabolic assessment in stone-forming patients
includes only urinalysis of total calcium (calciuria, Cag,))
and/or the calcium to creatinine ratio as opposed to serum
samples in which the free calcium concentration is rou-
tinely assayed [3]. In contrast, low urinary citrate excre-
tion has been considered a major risk factor for calcium
stone formation. Citrate creates strong but soluble com-
plexes with calcium, thereby effectively reducing the uri-
nary concentration of Ca®". Lowering the availability of
Ca®" reduces the nucleation and, as a consequence, the
crystallization rate of both calcium oxalate (CaOx) and
calcium phosphate [4, 5].

The urinary concentration of Ca>" as well as renal citrate
excretion are largely pH-dependent. Whereas urinary pH
and Ca®" are inversely related [6, 7], both systemic and
urinary acidosis may inhibit renal citrate excretion if citrate
reabsorption and metabolism in the proximal tubule become
up-regulated in order to counteract imbalanced acid—base
status [1, 8].

Despite the fact that the mechanisms of citrate action are
quite well recognized, to date the statistical relationships
between urinary Ca”", total calciuria, citrate excretion and
urinary pH have not been investigated. The aims of this
study were, first, to investigate the above interrelationships
in the context of the risk of CaOx crystallization and, sec-
ondly, to determine whether the measurement of urinary
Ca®" concentration is useful in the metabolic evaluation of
children and adolescents with urolithiasis. We hypothesized
that Ca®" concentration in urine was a linear function of
urinary citrate level.

Methods

This observational cross-sectional study was undertaken in the
Department of Pediatric Nephrology, University Children’s
Hospital in Bialystok between 2002 and 2011. The study
group consisted of 123 children and adolescents (66 boys,
57 girls) aged 3—18 (median 15.1) years with urinary calcar-
eous stones of different composition, in whom hypocitraturia
was diagnosed during the first metabolic evaluation of 24-
h urine samples. Hypocitraturia was defined as urinary citrate
excretion of less than 400 mg/g creatinine/24 h [9]. In all
cases, urolithiasis was confirmed by means of ultrasonogra-
phy, and in half of the cases, also by X-ray. In 36 patients
(30 %), stone analysis confirmed the composition of urinary
stones with a predominance of CaOx (29 patients) or calcium
phosphate (7 patients) (DiaSys, Diagnostic Systems GmbH,
Holzheim, Germany), whereas in the remaining patients stone
analyses were unavailable.

The exclusion criteria included acute infection and inad-
equate 24-h urine collection assessed with urine creatinine
excretion (normal 15-25 mg/kg/24 h).
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The control group comprised 424 healthy children and
adolescents (212 boys, 212 girls), aged 3—18 (median
14.6 years) years, with normal urinary excretion levels of
citrate, calcium, oxalate, uric acid and cystine, and without
abnormalities in dipstick urinalysis (Bayer Diagnostic,
Bridgend, UK). These children were mainly volunteers with
a past history of primary nocturnal enuresis or inguinal
hernia who had been approached to participate while attend-
ing the academic center or the children of hospital staff.
None of the controls reported a family history of urolithia-
sis, while their recent screening based on ultrasonography
excluded urinary stones.

All study subjects were evaluated using the same stan-
dard protocol which also included the request to continue to
follow their customary diet. During the 24-h urine collec-
tion, urine was stored in sterile, closed containers at 4 °C
without the addition of preservatives, and all measurements
were conducted within 4 h after the end of the collection
period. Urinary citrate concentrations were determined by
an enzymatic method using a commercial set (Boehringer
Mannheim/R-Biopharm, Germany) and adjusted for creati-
nine. Urinary calcium and creatinine were assessed with the
Cobas-Integra 800 analyzer and Roche reagents (Roche,
Indianapolis, IN). Hypercalciuria was diagnosed for calcium
excretions exceeding 4 mg/kg/24 h [9]. The urinary concen-
tration of Ca** was measured using calcium ion selective
electrodes (Rapidlab 855; Bayer, Leverkusen, Germany).
Calibration and the quality assurance procedure, based on
the calibration curves, were carried out every day. The
corresponding value for Caygu,g Was calculated as the dif-
ference between Cayyy and Ca®". Urinary oxalate was ex-
amined using standard enzymatic—spectrophotometric
methodology (product nr. 591D; Trinity Biotech, Berkeley
Heights, NJ). Hyperoxaluria was diagnosed when urinary
oxalate excretion exceeded 0.5 mmol/1.73 m?*/24 h [9].
Urinary pH was determined using a microcomputer pH
meter (model CP-315M; Elmetron, Zabrze, Poland).

The Bonn Risk Index (BRI) is a measure of urinary CaOx
stone formation risk and was studied according to the meth-
od of Laube [10], using a modified analytical system de-
scribed elsewhere [11]. In brief, after determination of
urinary Ca®" content, the urine was titrated step-by-step with
Ox* by a computer-operated analytical system. At the mo-
ment crystallized particles of CaOx caused a 2 % decrease in
light transmission, the computer application automatically
stopped the titration process. The BRI value was then cal-
culated as BRI = Ca®":0x*".

Renal ultrasonography was carried out using high-
resolution equipment (Toshiba SSH-140A; probe Convex
3.75 MHz; Toshiba, Japan) by a trained person.

Both parents and children older than 15 years of age gave
informed consent for the study. The study was approved by
the ethics committee of the Medical University of Bialystok.
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Statistical analysis

Statistical analyses were performed using Statistica®, ver. 9.0
PL (StatSoft, Tulsa, OK). The Mann—Whitney U test was used
for comparisons between two independent parameters, and the
correlations were made with Spearman test. A p value of <0.05
was considered to be statistically significant.

Results

The characteristics of the urolithiasis patients with hypocitra-
turia and healthy controls are shown in Table 1. With respect to
urinary pH, stone-formers and controls showed nearly identical
median values of 6.31 and 6.33, respectively. The median
values of Ca®" and Cayyy were higher in the patients than in
the healthy controls, although the difference was significant
only in relation to Ca*" (p<0.001 and p=0.23, respectively).
We found a significant difference in Ca®'/citrate quotient be-
tween the groups. Median Ca®"/citrate was fourfold higher in
stone-formers than in controls (0.39 vs. 0.10; p<0.001). The
patients’ median BRI value was 1.02 1", which was more than
twice as high as that of the controls (p<0.001).

Figure 1a—d shows scatter plots of urinary concentrations
and excretions of Ca®", Cayyy, citrate and oxalate in various
combinations, which compare the data of hypocitraturic
stone-formers (citrate <400 mg/g creatinine) and normocitra-
turic controls. The influence of pH on data distribution was
investigated by separately plotting the data of urine samples
below and above the median urinary pH of each group.

Figure 1a shows a plot of the 24-h urinary concentration
of Ca®" versus citrate excretion. The Ca>" concentration in
urine showed a declining trend with both increasing urinary
citrate and alkalinization of urine. In stone-formers, the
parameters were citrate 273.4 mg/g creatinine and Ca”"
0.51 mmol/l versus citrate 288.8 mg/g creatinine and Ca”"
0.36 mmol/l at low and high pH, respectively. In the con-
trols, the parameters were citrate 559.5 mg/g creatinine and
Ca** 0.35 mmol/l versus citrate 631.9 mg/g creatinine and
Ca*" 0.28 mmol/l at low and high pH, respectively.

Figure 1b presents a plot of Ca”"/Cayyy versus citraturia.
Interestingly, citrate influenced the Ca2+/Camta1 ratio only to
a small extent (stone-formers 0.20 vs. controls 0.14; p=
0.15). In both groups, the Ca®"/Cayy ratio slightly in-
creased with increasing acidity of the urine, showing high
individual variability. The intra-group influence of pH on
Ca2+/Catota] was0.18 versus 0.14 at low and high pH, re-
spectively, in stone-formers and0.16 versus0.14 at low and
pH, respectively, in the controls.

Figure 1c shows the plot of oxaluria versus the Ca*'/ci-
trate excretion ratio. Compared to the controls, the data for
stone-formers showed wide scattering. Hyperoxaluria was
only observed in stone-formers. The median Ca®'/citrate
excretion ratio was fourfold higher in stone-formers than
in controls (0.39 vs. 0.10; p<0.001), due to the higher
urinary Ca®" and lower urinary citrate concentrations in
stone-formers. The intra-group influence of urinary pH on
the Ca”'/citrate ratio was greater in stone-formers than in
controls (low vs. high pH: stone-formers, 0.37 vs. 0.25;
controls, 0.12 vs. 0.09).

Table 1 Characteristics of

Stone-formers with hypocitraturia

Healthy controls p

stone-forming patients with Characteristics
associated hypocitraturia and
healthy controls N

Age (years)

Weight (kg)

Body mass index (kg/m?)
Urine volume (ml/kg/24 h)
Urine pH

Oxaluria (mmol/1.73 m?/24 h)
Citraturia

(mg/g creatinine/24 h)
(mmol/1)

Calciuria

(mg/kg/24 h)
(mmol/1)

Ca”" (mmol/l)

Ca?"/Cayoge (mmol/mmol)

Values are presented as the
median, with the range (5-95 %)
given in parenthesis

BRI, Bonn Risk Index; Ca?*,
urinary ionized calcium
concentration; Cayg, calciuria
(total calcium); 0x?, amount
of titrated oxalate needed for the
onset of spontaneous
crystallization in 200 ml of the
24-h urine sample

Ca*'/citrate (mmol/mmol)
Caygqr/citrate (mmol/mmol)
0x% (mmol)

BRI (I'")

123 (3 66, @ 57) 424 (3 212, 9 212)

15.12 (7.16-17.91) 14.58 (5.50-17.16) 0.02
54.0 (23.9-83.0) 53.5 (21.5-81.6) 0.08
19.83 (14.79-26.81) 19.74 (14.64-27.23) 0.58
20.92 (9.02-55.25) 20.16 (8.38-42.85) 0.32
6.31 (5.63-7.08) 6.33 (5.68-7.10) 0.30
0.43 (0.14-0.89) 0.33 (0.08-0.44) <0.001
283.38 (45.66-385.13) 587.04 (422.73-1186.38)  <0.001
1.20 (0,14-3,27) 2.91 (1.37-8.37)
1.99 (0.58-4.51) 1.90 (0.56-3.50) 0.23
2.39 (0.53-6.64) 2.13 (0.58-6.30)
0.40 (0.12-1.20) 0.32 (0.14-0.69) <0.001
0.20 (0.06-0.52) 0.14 (0.05-0.43) 0.15
0.39 (0.07-3,57) 0.10 (0.03-0.32) <0.001
1.91 (0.52-14.39) 0.71 (0.22-1.70) <0.001
0.48 (0.16-2.70) 0.70 (0.32-2.70) <0.001
1.02 (0.04-5.61) 0.46 (0.05-1.53) <0.001
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Fig. 1 Scatter plots of urinary concentration and excretion of ionized
(Ca”), total calcium ( calciuria; Cay,,), citrate and oxalate in various
combinations. a Ca®" vs. citrate excretion in urine, b Ca®"to Cay
ratio vs. citrate excretion in urine, ¢ oxalate vs. Ca*'/citrate excretion
ratio in urine, d Bonn Risk Index (BRI) vs. citrate excretion in urine.

The relationship between BRI values and urinary citrate
levels are shown in Fig. 1d. Both groups demonstrated median
BRI values below the cut-off value for children of 1.93 17!
[12]. BRI values of >1.93 1" were observed only in the stone-
former group. The intra-group influence of urinary pH on BRI
was remarkable in stone-formers but smaller in controls (low
vs. high pH: stone-formers, BRI 1.36 vs. BRI 0.49; controls,
BRI 0.52 vs. BRI 0.39). However, there were some stone-
formers who had a low BRI

Discussion

Hypocitraturia in children is usually defined as 24-h citrate
excretion of <400 mg/g creatinine [9]. Other definitions are
more restrictive by setting the urine citrate level at <180 mg/g
creatinine regardless of gender [13] or <125 mg/g creatinine in
boys and <300 mg/g creatinine in girls [14].

Hypocitraturia can be a concomitant effect to compensate
for metabolic acidosis due to a number of possible causes, such
as complete and incomplete distal renal tubular acidosis, hypo-
kalemia, severe bowel dysfunction, high protein diet, urinary
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The influence of pH on the data distribution is investigated by sepa-
rately plotting the data of urine samples below and above the median
urinary pH of each group. Dotted lines show limit values for hypoci-
traturia (a, b, d), hyperoxaluria (¢) and BRI (d)

tract infection and many other factors. However, the majority of
hypocitraturia cases are thought to be idiopathic [15]. None of
the patients studied here had secondary causes of hypocitratu-
ria, such as hypokalemia, chronic diarrhea, inflammatory bow-
el diseases or a complete renal tubular acidosis. However, the
occurrence of partial renal tubular acidosis as a potential cause
of hypocitraturia could not be definitely excluded; unfortunate-
ly, the clinical picture of partial renal tubular acidosis is less
evident [16], and a screening for differences in the urine—blood
(U-B) carbon dioxide partial pressure (PCO,) could not be
conducted for all participants [17]. One of the possible causes
of hypocitraturia in our patients, particularly among the ado-
lescents, could have been a high intake of animal protein [18]
which is customary in Poland. However, a causative link could
not be proven. Thus, we assume that the observed hypocitra-
turia was idiopathic in most cases.

Several earlier studies that investigated pediatric kidney
stone disease reported that hypocitraturia was the most
common accompanying metabolic abnormality, found in
up to 63 % of patients [19, 20]. This was particularly true
when the high “cut-off” value of hypocitraturia (400 mg/g
creatinine) was used. This value was recently disputed by
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Srivastava et al. [13] who demonstrated 180 mg/g as a cut-
off point for differentiation of hypocitraturia. However, for
the purpose our study, we did not think that this difference in
cut-off values would play a role.

In our study, the magnitude of calciuria was not significantly
different in the urolithiasis group when compared to controls,
but the Ca®" level was significantly higher in stone-formers,
presumably due to hypocitraturia. However, the gradient of the
regression line in the plot of urinary Ca®'/Cay versus citra-
turia was very low, and the median values of the ratio did not
differ significantly between the groups [0.20 (patients) vs. 0.14
(healthy controls), p=0.15] (Table 1, Fig. 1b). In other words,
the binding capacity of Ca>" was almost proportional to the
calciuria rate in both groups. Simultaneously, the Ca** concen-
tration showed a high variability between individuals, regard-
less of the respective urinary citrate level, with a 5-95 % range
of 0.12—1.20 mmol/l in urolithiasis patients and 0.14—
0.69 mmol/l in controls (Table 1). This variability is at least
partly caused by similar variations in calciuria range (Table 1)
and differences in urinary pH, with higher values of Ca®" in the
subgroups associated with more acidic urines (Fig. 1a). There-
fore, we can infer that the absolute values of urinary Ca*"
mainly depend on Cay, and on urinary pH.

Our observation of the effect of urine pH on urinary Ca*"
concentration is supported by the results of other researchers
who found an increase in urinary pH to be the main deter-
mining factor of therapeutic action of potassium citrate in
low urinary citrate urolithiasis [2, 21-23]. However, alka-
linizing the urine too much may increase the risk of calcium
phosphate crystal formation [24]. Additionally, at high uri-
nary pH, the fraction of triple-negatively charged citrate
increases, thereby increasing the overall inhibitory effect
of citrate as more calcium ions can be bound [25].

The extent of urinary citrate excretion also depends on
the balance of the body’s acid—base status. Systemic, intra-
cellular and urinary acidosis decrease renal citrate excretion,
mainly by up-regulation of the citrate reabsorption process
within the proximal tubule [1, 8, 15]. Thus, we could theo-
retically expect a lower urine pH in the hypocitraturic par-
ticipants of the study. On the other hand, other studies have
revealed that the urine of stone-formers tends to show a
higher mean pH value compared to that of healthy controls
[21, 22]. In our study, the median urinary pH of healthy
controls and hypocitraturic stone-formers was nearly identi-
cal. Whether this paradoxical association was the cause or
the effect of urinary citrate level needs further elucidation.

We found a significant difference in the Ca”'/citrate
quotient between the groups. The median Ca®'/citrate value
was fourfold higher in stone-formers than in controls (0.39
vs. 0.10, respectively; p<0.001). This may have resulted
from higher urinary Ca®" as well as from lower urinary
citrate levels in the stone-formers. There was also an explic-
itly pronounced difference in total the calcium/citrate ratio

between the groups. Our findings support previous reports
that acknowledged this ratio as a practical risk factor for
stone formation and a good discriminating biomarker be-
tween stone-formers and healthy individuals [13, 26].

We provide evidence of a high influence of urinary pH on
the risk of CaOx crystallization measured with BRI
(Fig. 1d). The BRI was about threefold greater in the sub-
group of stone-formers with urinary pH below the median
than in the subgroup with pH above median (1.36 vs.
0.49 1", respectively). This was partly a consequence of
the higher Ca®" in the ‘low’ pH conditions (0.51 vs.
0.36 mmol/l) (Fig. 1a). The dependence of BRI on urinary
pH was not so pronounced in the controls. To our surprise,
there were quite a large number of stone-formers with low
BRI. Presumably, CaOx precipitation in vivo could have
occurred in these individuals and thereby could have low-
ered the post-renal concentration of both Ca>* and the other
stone-forming constituents [27]. These pre-analytical factors
are unavoidable and might lead to a lowering of BRI values.

We are aware of several limitations to our study. The relation-
ships between Ca®", calciuria and citrate excretion were studied
in only one sample of urine within a certain range of urinary pH
(5-95 % pH range: 5.63—7.08), and the results cannot be
generalized beyond this range. Additionally, there are molecules
other than citrate that form complexes with calcium and possi-
bly reduce urinary Ca®"; however, these were not investigated
within the framework of our study. Furthermore, there was a
slight difference in age between the groups. However, this did
not detract from the main findings of the study.

In summary, stone-formers with hypocitraturia have a
higher Ca”" concentration than healthy children. The results
of our study support the hypothesis that Ca®* concentration in
the urine is inversely correlated with citraturia; however, this
relationship appears, at least partly, to be dependent on total
calciuria. The BRI, which reflects the risk of CaOx crystalli-
zation, increases with increased calciuria and urine acidifica-
tion. The large variability in the proportions of urinary Ca*"
and bound calcium calls into question the importance of stan-
dard Ca*" measurements in clinical practice at our current stage
of knowledge. On the other hand, the Ca/citrate ratio may be a
useful clinical tool in evaluating children with urolithiasis.
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