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Abstract The aim of this study was to investigate the
influence of the potential renal acid load (PRAL) of the
diet on the urinary risk factors for renal stone forma-
tion. The present series comprises 187 consecutive renal
calcium stone patients (114 males, 73 females) who were
studied in our stone clinic. Each patient was subjected to
an investigation including a 24-h dietary record and 24-h
urine sample taken over the same period. Nutrients and
calories were calculated by means of food composition
tables using a computerized procedure. Daily PRAL was
calculated considering the mineral and protein compo-
sition of foods, the mean intestinal absorption rate for
each nutrient and the metabolism of sulfur-containing
amino acids. Sodium, potassium, calcium, magnesium,
phosphate, oxalate, urate, citrate, and creatinine levels
were measured in the urine. The mean daily PRAL was
higher in male than in female patients (24.1±24.0 vs
16.1±20.1 mEq/day, P=0.000). A significantly
(P=0.01) negative correlation (R=�0.18) was found
between daily PRAL and daily urinary citrate, but no
correlation between PRAL and urinary calcium, oxa-
late, and urate was shown. Daily urinary calcium
(R=0.186, P=0.011) and uric acid (R=0.157,
P=0.033) were significantly related to the dietary intake
of protein. Daily urinary citrate was significantly related
to the intakes of copper (R=0.178, P=0.015), riboflavin
(R=0.20, P=0.006), piridoxine (R=0.169, P=0.021)
and biotin (R=0.196, P=0.007). The regression analysis
by stepwise selection confirmed the significant negative
correlation between PRAL and urinary citrate

(P=0.002) and the significant positive correlation be-
tween riboflavin and urinary citrate (P=0.000). Urinary
citrate excretion of renal stone formers (RSFs) is highly
dependant from dietary acid load. The computation of
the renal acid load is advisable to investigate the role of
diet in the pathogenesis of calcium stone disease and it is
also a useful tool to evaluate the lithogenic potential of
the diet of the individual patient.

Keywords Renal acid load Æ Urinary citrate excretion Æ
Renal stone

Introduction

It is well known that both an increase in lithogenic salts
or a decrease in inhibitors of calcium crystallization in
urine increases the risk of calcium stone formation.

A number of substances are known to inhibit calci-
fication in normal urine [1] and among these citrate is
known to be a powerful inhibitor of crystal formation
and aggregation.

Citrate forms soluble complexes with calcium [2],
thus reducing relative supersaturation of calcium-con-
taining crystals. In addition, citrate inhibits the growth
of hydroxyapatite and calcium oxalate crystals [3–5] and
the agglomeration of calcium oxalate monohydrate
crystals [6].

A number of factors may explain hypocitraturia
including postrenal bacterial consumption, impaired
renal function, hyperparathyroidism and hypokaliemia
[7–12].

Overt hypocitraturia is present in patients with cal-
cium stones secondary to renal tubular acidosis or to
gastrointestinal malabsorption, but a mild reduction in
daily citrate excretion of idiopathic calcium stone
formers has also been reported [10, 12–14].

Because of the presence of normal or high serum
citrate levels Rudman et al. [15] have suggested that the
hypocitraturia found in idiopathic calcium stone pa-
tients could be genetically determined by an excessive
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net tubular reabsorption of a normal filtered load of
citrate reflecting a rapid transport into tubular cells or a
rapid oxidation within these cells.

On the other hand, urinary citrate excretion is re-
ported as influenced by dietary factors, such as the
caloric, carbohydrate, sodium chloride, and citrate
content of the diet [16, 17]). Less than 1% of the citrate
in urine is directly derived from dietary citrate, the major
part being formed as a metabolic consequence of the
dietary intake of other nutrients. Particularly the meta-
bolic acid load generated by the diet may enhance the
renal reabsorption of citrate and reduce its excretion
[18–20]. Furthermore, an even modest deficiency of
potassium may induce intracellular acidosis enhancing
the luminal transport of citrate and its mitochondrial
metabolism.

The aim of this study was to investigate the influence
of the potential renal acid load (PRAL) of foods on the
urinary risk factors for stone formation and particularly
on the urinary excretion of citrate.

Materials and methods

We evaluated 187 consecutive patients with idiopathic
calcium stone disease (114 males and 73 females, age
range 13–82 years) with normal renal function and
uninfected urine.

All patients had previously been investigated
according to a strict protocol to exclude those with
hyperparathyroidism, renal tubular acidosis, and other
specific diseases, and were thus classified as ‘‘idiopathic
stone formers’’. The stone formers were judged to be
metabolically active at the time of clinical assessment if
they had spontaneously passed a urinary stone or if they
had undergone a treatment for a renal or ureteral stone
during the previous 12 months.

The patients were investigated when receiving no
treatment and while they followed their normal activities
and ate their usual diet.

Each participant was subjected to an investigation
including a 24-h dietary record and 24-h urine sample
taken over the same period. Nutrients and calories were
calculated by means of food composition tables using a
computerized procedure (Terapia Alimentare Windows
Release 5.00.00—Dietosystem). Daily PRAL was cal-
culated for considering the mineral and protein com-
position of foods, the mean intestinal absorption rate for
each nutrient and the metabolism of sulfur-containing
amino acids.

To calculate the PRAL value we applied the original
calculation model described by Remer and Manz [21].
The food-induced excretions of the more important
mineral cations (sodium, potassium, calcium, and mag-
nesium) and anions (chloride, phosphate, and sulfate)
were estimated on the basis of their dietary intakes or
the intakes of their metabolic precursors. The intakes of
nutrients were preliminary corrected by factors
expressing the average net intestinal absorption rate in

adults for each mineral ion and for total protein. The
intakes in milligrams of sodium, potassium, calcium,
and magnesium were divided by the corresponding
atomic weights in order to calculate the urinary excre-
tion of cations and anions in mmoles. For the divalent
cations, calcium and magnesium, the ionic valence (·2)
and for phosphorus the grade of dissociation at pH 7.4
(·1.8) were also considered. Sulfate excretion was esti-
mated as the result of the metabolism of sulfur-con-
taining amino acids, methionine and cysteine, on the
basis of their atomic weights and assuming an average
content in total protein intake of 2.4 and 2.0%, respec-
tively, for methionine and cysteine. The so calculated
values of food-induced potential urinary excretion of
each ion were used to indirectly determinate the food-
related potential acid urinary excretion as the difference
of the sum of the non-carbonate anions minus the sum
of mineral cations.

Twenty-four hour specimens of urine were collected
in which urinary concentrations of potassium, sodium,
calcium, phosphate, oxalate, urate, citrate, magnesium,
and creatinine were measured, together with urinary
volumes.

Sodium and potassium concentrations were measured
by flame photometry; calcium, magnesium, phosphate,
urate, and creatinine by conventional colorimetric
methods; oxalate and citrate by enzymatic analysis,
respectively, with oxalate oxidase and citrate lyase.
Urinary pH was measured on a fresh morning, urinary
sample by a Corning pHmeter.

The mean values were calculated and compared by
Student’s unpaired t test with the Statistical Package for
the Social Sciences (SPSS). Additional SPSS programs
for linear correlation and stepwise regression analysis
were used.

Results

The mean (±SD) daily intakes of nutrients and the
mean values of urinary risk factors for stone formation
in male and female patients are shown in Tables 1 and 2.

Table 1 Body mass index (BMI), weight, height and daily intakes
of nutrients in male and female renal stone formers (RSFs)

Males Females P value

BMI (kg/m2) 24.6±4.1 22.5±4.1 0.000
Weight (kg) 74±12 58±11 0.000
Height (cm) 173±7 161±6 0.000
PRAL (mEq) 24.1±24.0 16.1±20.1 0.000
Energy (kcal) 2181±627 1731±524 0.020
Proteins (g) 89±26 70±25 0.000
Carbohydrates (g) 325±102 246±75 0.000
Lipids (g) 66±28 58±29 0.057
Calcium (mg) 724±394 580±402 0.017
Phosphorus (mg) 1261±420 1033±453 0.000
Potassium (mg) 2553±964 2186±953 0.012
Sodium (mg) 2994±4051 2388±3689 0.305
Magnesium (mg) 183±68 139±60 0.000
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The mean daily PRAL was higher in male than in
female renal stone formers (RSFs) (24.1±24.0 vs
16.1 mEq/day, P=0.000).

Furthermore, the daily dietary intake of energy,
proteins, carbohydrates, calcium, phosphate, potassium,
and magnesium were higher in men than in women. On
the contrary, no significant difference in the intakes of
lipids and sodium between men and women was ob-
served.

The daily urinary excretion of calcium, magnesium,
sodium, potassium, and uric acid were higher in men
compared to women, whereas, no difference between
men and women was observed for daily urinary citrate
and oxalate, urinary pH and urinary volume.

Table 3 shows the correlations of daily intakes of
nutrient and the urinary excretion of calcium, citrate,
oxalate, and urate.

A negative correlation (�0.18) was found between
daily PRAL and daily urinary citrate (P<0.01),
whereas, the PRAL was not significantly related to the
daily urinary excretion of calcium, oxalate, and urate.
Daily urinary calcium (R=0.186, P=0.011) and uric
acid (R=0.157, P=0.033) were significantly related to
the dietary intake of protein.

Furthermore, PRAL was inversely related to urinary
potassium (R=�0.21, P=0.004) and to urinary pH
(R=�0.12, P=0.094) and dietary sodium was directly
related to urinary sodium (R=0.55, P=0.000) (data not
shown in Tables).

The weight was significantly correlated to urinary
calcium (P=0.000), urate (0.003), and citrate (0.019);
height to calcium (0.025), citrate (0.000), and oxalate
(0.036); body mass index (BMI) to calcium (0.000), urate
(0.005), and citrate (0.016).

In Table 4 the correlations of daily intakes of mi-
cronutrients and the urinary excretion of calcium, cit-
rate, oxalate, and urate are shown.

Daily urinary citrate was significantly related to the
intakes of copper (R=0.178, P=0.015), riboflavin
(R=0.20, P=0.006), piridoxine (R=0.169, P=0.021),
and biotin (R=0.196, P=0.007). Daily urinary calcium
was significantly related to the intake of calciferol
(R=0.155, P=0.035) and daily intake of urate to the
intake of niacin (R=0.214, P=0.003).

The regression analysis by stepwise selection con-
firmed the significant negative correlation between
PRAL and urinary citrate (P=0.008) and the significant
positive correlation between weight and riboflavin with
urinary citrate (P=0.001).

Discussion

Robertson [22] was the first to popularize the lithogenic
role of a protein-rich diet and after him case-control
studies confirmed a greater dietary intake of proteins,
animal proteins in particular, in renal stone patients
compared with healthy subjects [23–25].

Finally, a large scale, population-based, prospective
study [26] of incident stone formation demonstrated
that high dietary calcium intake and high dietary
potassium intake were both associated with a lower
risk of incident stone formation while animal protein
intake was associated with a higher risk of stone for-
mation.

Diets rich in animal protein are acidogenic because
amino acids are metabolized to non-volatile acid as
pointed out by the pioneering studies of Lemann [27, 28]
who have clearly shown that the major endogenous
acids are sulfuric acid and organic acids.

The acid load related to protein metabolism titrates
the plasma bicarbonate concentration to a value slightly
lower than normal stimulating bone resorption and
inhibiting bone formation [29]. The buffering of the acid
generated from diet chronically mobilizes calcium from
bone increasing urinary calcium excretion.

On the other hand, even small reductions in the
plasma bicarbonate concentrations can enhance the re-
nal reabsorption of citrate and reduce its excretion in the
urine [30]. In fact a high consumption of proteins has
been associated with a reduced urinary excretion of ci-
trates subsequent to mild acidosis [16, 17, 31].

If the effect of high-meat diets is well known and its
role in the pathogenesis of calcium renal stones has been
well emphasized, on the contrary the potential effect of
dietary alkali has been often disregarded.

In fact foods contain a substantial amount of po-
tential alkali that should be also considered in estimating
their ‘‘net’’ effective acid production [32, 33].

The above reported data from Curhan et al. [26] have
clearly shown that the reduced intake of potassium is the
more important feature characterizing the diet of stone
forming subjects (more relevant than the so often
emphasized role of the reduced calcium intake and also
of the increased meat consumption!) and it has to be
pointed out that potassium derived mainly from foods
also rich in organates which are converted in vivo to
bicarbonate. The ‘‘natural’’ diet of human beings, over
millions of years, contained large amounts of potassium
and bicarbonate-yielding precursors (such as citrate),
derived from fruits and vegetables and little of the scarce
sodium chloride, whereas, in modern times the intake of
meat and animal derivatives together with the now easily

Table 2 Urinary risk factors for stone formation in male and
female renal stone formers (RSFs)

Males Females P value

Ur pH 5.75±0.45 5.78±0.46 0.652
Volume (ml) 1842±703 1834±743 0.940
Ca (mg) 238±128 176±114 0.001
UA (mg) 549±211 480±162 0.019
Ox (mg) 23.7±11.6 23.0±10.6 0.661
Cit (mg) 428±234 484±224 0.106
K (mEq) 63±20 54±18 0.002
Na (mEq) 192±77 149±51 0.000
Mg (mg) 89±31 74±30 0.001
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Table 3 Correlations between
daily excretion of citrate,
calcium and body mass index
(BMI), weight, height and
intakes of nutrients

Calcium Citrate Oxalate Urate

BMI (kg/m2)
R 0.279 0.177 0.031 0.205
Sig (0.000) (0.016) (0.671) (0.005)
Weight (kg)
R 0.305 0.172 0.110 0.220
Sig (0.000) (0.019) (0.135) (0.003)
Height (cm)
R 0.164 0.610 0.154 0.108
Sig (0.025) (0.000) (0.036) (0.141)
Energy (kcal)
R 0.141 �0.106 0.023 0.100
Sig (0.054) (0.152) (0.757) (0.173)
Protein (g) (total)
R 0.186 �0.077 0.044 0.157
Sig (0.011) (0.293) (0.555) (0.033)
Animal
R 0.178 �0.105 0.093 0.132
Sig (0.015) (0.153) (0.207) (0.071)
Vegetable
R 0.092 0.117 �0.077 0.103
Sig (0.213) (0.111) (0.298) (0.161)
Carbohydrate (g) (total)
R 0.106 �0.101 �0.003 0.098
Sig (0.150) (0.169) (0.964) (0.182)
Refined
R 0.026 �0.044 0.055 0.090
Sig (0.727) (0.550) (0.456) (0.221)
Complex
R 0.149 �0.086 �0.033 0.086
Sig (0.042) (0.246) (0.656) (0.241)
Fats (total)
R 0.106 �0.074 0.040 0.033
Sig (0.149) (0.317) (0.584) (0.651)
Saturated
R 0.044 �0.074 0.115 �0.053
Sig (0.548) (0.315) (0.117) (0.471)
Monounsaturated
R 0.092 �0.068 0.058 0.065
Sig (0.211) (0.358) (0.432) (0.381)
Polyunsaturated
R �0.020 0.015 �0.033 0.052
Sig (0.789) (0.838) (0.655) (0.484)
Cholesterol
R 0.201 �0.081 �0.040 0.063
Sig (0.006) (0.275) (0.588) (0.394)
Calcium
R 0.050 0.051 0.101 �0.006
Sig (0.501) (0.492) (0.171) (0.939)
Phosphate
R 0.142 �0.068 0.007 0.068
Sig (0.052) (0.360) (0.924) (0.357)
Potassium
R 0.104 0.085 �0.044 0.155
Sig (0.157) (0.251) (0.552) (0.034)
Sodium
R �0.043 �0.032 �0.010 �0.036
Sig (0.559) (0.666) (0.893) (0.623)
Magnesium
R 0.224 0.012 0.044 0.141
Sig (0.002) (0.870) (0.549) (0.054)
Chloride
R 0.093 �0.039 0.064 0.082
Sig (0.208) (0.594) (0.385) (0.266)
PRAL
R 0.092 �0.180 0.043 �0.004
Sig (0.211) (0.014) (0.557) (0.955)
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available sodium chloride has dramatically increased
and the fruit and vegetables intake has reduced [34].

A low-potassium diet can cause low-grade deficien-
cies of both potassium and bicarbonate that are gener-
ally unrecognized because they are not usually severe
enough to cause well-characterized hypokaliemia or
metabolic acidosis. A chronic dietary depletion of
potassium induces increased urinary excretion of cal-
cium and decreased urinary excretion of citrate as sup-
plemental potassium bicarbonate (but not potassium
chloride) induces not only a reduction in the urinary
excretion of calcium but also an increase in urinary
citrate [35, 36].

The evaluation of the PRAL of foods is a powerful
tool to estimate the cumulative effect of both the acid
load of protein and the alkali content of diet. Net alkali
content in food can be estimated as the sum of non-
combustible cations (Na+K+Ca+Mg) minus the sum
of non-combustible anions (Cl+1.8 P) although not all
of the alkali content of food is absorbed.

Remer and Manz [21] developed a physiologically
based calculation model taking into account the mineral
composition of foods and their average intestinal
absorption rates that proved to be appropriate for the
prediction of renal net acid excretion from nutrient in-
take data.

The results of this calculation could be biased by the
relative inefficacy of dietary recall to estimate the correct
intake of some nutrients. In particular the estimate of
dietary sodium intake by dietary recall could be less
reliable considering the high standard deviations from
the mean that characterize our estimates of dietary

sodium intake. As a consequence, although the mean
values of sodium intake in male and female patients were
strikingly different, we were not able to show a signifi-
cant difference between them, whereas, urinary excretion
of sodium was significantly higher in men than in wo-
men. However, dietary sodium was very well correlated
to sodium excretion and we have also to consider that in
the great majority of foods sodium content is strictly
combined to an equivalent chloride amount, counter-
balancing at a great extent the potential bias of an
incorrect estimate of dietary sodium: in fact in the
computation of PRAL sodium and chloride act with an
opposite sign. Particularly sodium and chloride are
equally represented in grain products, dairies and meats
that are the major sources of sodium intake from the
diet. On the contrary, sodium and chloride are contained
in low quantities in fruit and vegetables with some rel-
atively rare exceptions as bananas and kiwi fruits which
have a relatively high chloride content, exceeding the
sodium content or on the contrary spinach which have a
relatively high content of sodium in comparison to
chloride. Finally, a previous study demonstrated that the
estimate of other nutrients by the method of dietary
recall were sufficiently reliable to be used for the purpose
of epidemiological studies [25].

Using the model developed by Remer and Manz, we
were able to show that the cumulative PRAL of diet was
significantly and negatively correlated to the urinary
excretion of citrate in RSFs, whereas, no significant
correlation was demonstrable between the urinary out-
put of citrate and the intake of other single nutrients
(with the exception of some vitamins of the B complex).

Urinary citrate was also dependent by weight that is
known to be the major determinant of the excretion of
organic acids representing the endogenous contribution
to the total renal net acid excretion in the urine.

In fact daily excretion of organic acid could be esti-
mated, expressed in mEq/day, as body surface area
(m2) · 41 (mEq/day/1.73 m2) divided by 1.73 m2 or as
body weight · 0.66 [21].

On the other hand, BMI has been previously dem-
onstrated to be negatively correlated with urinary pH
[37].

Some dietary factors which were previously identified
as potential determinants of urinary citrate excretion,
such as protein and potassium intake, were not signifi-
cantly correlated to urinary citrate excretion in our study.
In fact dietary animal protein intake and potassium

Table 4 Pearson’s correlations between daily excretion of citrate,
calcium, oxalate and urate and vitamins and oligoelements

Calcium Citrate Oxalate Urate

Calciferol
R 0.155 �0.046 0.029 0.102
Sig (0.035) (0.535) (0.694) (0.165)
Riboflavin
R 0.040 0.200 0.065 0.096
Sig (0.584) (0.006) (0.380) (0.191)
Niacin
R 0.105 �0.102 0.019 0.214
Sig (0.154) (0.166) (0.799) (0.003)
Pyridoxine
R 0.019 0.169 0.061 0.102
Sig (0.802) (0.021) (0.406) (0.164)
Ascorbic acid
R 0.029 0.080 0.046 0.144
Sig (0.692) (0.280) (0.535) (0.049)
Biotin
R 0.076 0.196 0.040 0.093
Sig (0.305) (0.007) (0.586) (0.206)
Copper
R �0.015 0.178 0.037 0.035
Sig (0.844) (0.015) (0.614) (0.632)
Zinc
R 0.186 �0.100 0.031 0.237
Sig (0.011) (0.172) (0.671) (0.001)

Table 5 Results of regression analysis by stepwise method assum-
ing urinary citrate excretion as dependant variable

Determinants Beta standardized coefficient t P value

Weight 0.280 3.364 0.001
Riboflavin 0.300 3.561 0.001
PRAL �0.222 �2.691 0.008
Niacin �0.191 �2.299 0.023
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intake tend to be, respectively, in negative and positive,
to urinary citrate excretion, but the correlation did not
reach the statistical significance. On the contrary, the
cumulative effect of all these dietary factors, expressed by
PRAL of diet, was strong enough to produce a very
significant correlation between dietary PRAL and uri-
nary citrate.

This observation confirms that the effect of foods on
metabolism are the result of the complex interaction of
the effect of every single nutrient, as a consequence
trying to evaluate the effect of a single nutrient without
taking into account the potential interactions of other
nutrients that could counterbalance or enhance its effect
could produce unreliable conclusions.

We were also not able to show any significant cor-
relation between urinary calcium excretion and PRAL,
although the direct relation of protein intake and uri-
nary calcium excretion was confirmed.

The effect of protein intake on urinary excretion of
calcium probably involves a more complex mechanism
than the simple acidogenic effect while the citrate
excretion seems to be more dependent on the modifica-
tion of the intracellular pH.

In fact the good correlation between total protein, in
particular animal protein, and urinary calcium excre-
tion can be explained by the endogenous acid load
constituted by the oxidation of sulfated proteins
(methionine, cysteine) involving both a reduction in
tubular calcium reabsorption and a state of chronic
acidosis, with consequent mobilization of calcium from
the bone, but also by other metabolic effects of ingested
proteins such as the enhanced intestinal absorption of
calcium induced by the dietary load of methionine and
lysine [38]. On the contrary, the potential acid load of
diet by itself could exert only a subtle effect on urinary
calcium that could not be enough strong to imply a
significant correlation between PRAL of diet and uri-
nary calcium excretion.

Data on micronutrients suggest that vitamins and
oligoelements could play a role in the metabolism of
some urinary risk factors for stone formation, although
this topic deserves further study and deeper knowledge.
In particular, the relation between the dietary intake of
some B-group vitamins and urinary citrate is not easily
explainable, these micronutrients being involved in
many aspects of metabolism (including oxidative and
fatty acids metabolism).

On the other hand, the highest amounts of riboflavin,
piridoxine and biotin are in meat, liver, milk, and dairy
products, eggs and enriched cereals which are not to be
considered alkali-producing foods, so excluding the
hypothesis of a common dietary source of such vitamins
and citrate.

In conclusion the results of the present study suggest
that a diet with a very low potential acid load should be
encouraged in renal stone patients for the prevention of
recurrent stones. This result can be obtained by the
restriction of animal proteins but also by abundant
supplementation with vegetables and fruits. The fruits,
fruit juices, vegetables and alkali-rich low-phosphorus
beverages have the lowest (negative) PRAL values and
neutralize the dietary acid load of fish, meats, and
cheeses that have the highest (positive) PRAL values.
This dietary advice represents an alternative to the
neutralization of the dietary acid load by the pharma-
cological administration of potassium bicarbonate or
citrate [39].

We suggest the use of this model of computing the
PRAL to further investigate the role of diet in the
pathogenesis of calcium stone disease and as useful tool
to evaluate the lithogenic potential of the diet of the
individual patient (Tables 5, 6).
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