
Intern J Appl Res Vet Med • Vol. 4, No. 1. 200658

specific products. Separate formulas must
be used for dry and wet foods in order to
maintain accuracy.

INTRODUCTION
The formation of stones (struvite and cal-
culi) in the urinary tract is a significant clin-
ical problem for companion animals in
many countries.1 Companion animal urine
pH is an important determinant in the pre-
vention of stone formation, and a reduction
in urine pH has been shown to reduce the
incidence of struvite formation. However
the acidification of urine may also increase
the risk of calcium oxalate formation.2

Major dietary contributors to urine pH
include sulfur-containing amino acids and a
balance of metabolizable cations and
anions.3 The cations studied included calci-
um, magnesium, sodium, and potassium.
The anions studied include phosphorus,
chloride, and the sulfur amino acids
(methionine and cysteine). These cations
and anions have been shown to directly
effect urine pH in various species, including
cats, swine, cattle, horses, and rats.3–9

Kienzle and Schuhknect10 investigated
the influence of dietary base excess on
observed urine pH. Their study concluded
that there was a high correlation between
base excess in the food and the mean urine
pH (r2 = 0.96). This study, however, did not
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ABSTRACT
The objective of these studies was to deter-
mine if urine pH can be predicted using the
nutrient components of feline foods. One
hundred fifty foods (90 dry foods and 60
wet foods) were fed to groups of 10 adult
cats (mean, 8.5 years of age) to determine
the urine pH of cats fed each food. The food
was fed for a period of 7 days, and pH was
determined on freshly voided urine on Days
5 to 7 of the test. Through stepwise regres-
sion it was determined which cations,
anions, and sulfur-containing amino acids
were of importance for urine pH prediction.
Three models were developed for urine pH
prediction. These models included: 1) wet
and dry foods; 2) wet only foods; and 3) dry
only foods. The cations included in all mod-
els were sodium, potassium, and magne-
sium. Calcium was excluded from the wet
only model. The anions for all models were
chloride, sulfur, and phosphorus. Including
sulfur in the model allowed for the exclu-
sion of methionine and cysteine from the
dry model. Urine pH of adult cats can be
predicted from the nutrient components of
the food, thus reducing the number of ani-
mal studies in order to optimize urine pH
(for struvite and/or oxalate prevention) for
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investigate the influence of inorganic sulfate
and other sulfur-containing amino acids (ie,
taurine) and only involved 4 dry and 6 wet
commercial foods. If methionine, cysteine,
or inorganic sulfate content of the diet
varies greatly from that utilized to derive the
equation, then the model accuracy for the
prediction of urine pH could be reduced
because of alterations in sulfate excretion in
the urine.

To date, no published studies have
investigated the effects of total dietary
cations and anions including sulfur in rela-
tion to feline urine pH. It is hypothesized
that the use of dietary sulfur in addition to
the above listed cations and anions can lead
to a more accurate prediction of urine pH.

MATERIALS AND METHODS

Animals and Foods
Forty adult cats were utilized in the study
(mean = 8.5 years of age). The cats were
cared for in accordance with Institutional
Animal Care and Use Committee protocols.
The cat's primary living space was cleaned
twice daily. Throughout the duration of the
experiment, cats were given opportunities
for exercise and provided human interaction
that included, but was not limited to, play
(toys), grooming, and other human-cat inter-
actions (ie, petting). Water was available ad
libitum throughout the entire experiment.

The range of nutrients for all dry (90) and wet
(60) foods are presented in Tables 1 and 2.
Each food was formulated in accordance
with the Association of American Feed
Control Officials11 nutrient guide for cats
and balanced to meet growth and adult
maintenance. Each food was fed to a group
of 10 cats to maintain body weight. Each
day, food was offered at 6-hour intervals at
0600, 1200, 1800, and 2400 by an automat-
ic feeding system (Cat Mate® C-50
Automatic Pet Feeder, Surrey, England) to
ensure that fresh food was available at all
times. Excess food was removed daily and
orts were weighed and recorded. Food sam-
ples were collected for nutrient content
analysis.

Sampling and Analyses
Freshly voided urine samples were collected
twice per day on Days 5, 6, and 7 and were
measured via a pH meter (Fisher Scientific
Accumet® AR 15, Vernon Hills, Illinois). All
feed samples were analyzed for moisture
(method 930.15), calcium (method 968.08),
sodium (method 968.08), potassium (method
968.08), magnesium (method 968.08), chlo-
ride (method 969.10), sulfur (method
923.01), phosphorus (method 965.17), and
methionine and cysteine (method 994.12)
according to the Association of Official
Analytical Chemists.12

Statistics
Data were analyzed using the
General Linear Models proce-
dure of SAS13 in order to deter-
mine the means, standard
deviation, minimum, and maxi-
mum for observed nutrients
across foods. Data was then ana-
lyzed to predict urine pH by
using the Regression procedure
of SAS.13 Regression analysis
was done to determine if calci-
um, sodium, potassium, magne-
sium, chloride, sulfur,
phosphorus, methionine, and/or
cysteine contributed to the pre-
diction of urine pH.
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Table 1. Analyzed Nutrients and Observed Urine pH of the 90
Dry Foods Used in Feline Urine pH Studies.

Nutrient,
100% Dry
Matter Basis Minimum Maximum Average

Standard
Deviation

Sodium 0.198 0.647 0.356 0.084
Potassium 0.307 1.542 0.801 0.200
Chloride 0.412 1.321 0.826 0.183
Sulfur 0.465 1.149 0.726 0.169
Calcium 0.585 1.269 0.906 0.152
Magnesium 0.043 0.182 0.086 0.038
Phosphorus 0.486 1.064 0.761 0.097
Methionine 0.493 3.546 0.933 0.389
Cysteine 0.378 1.070 0.654 0.161
Observed

urine pH
5.792 7.115 6.402 0.312
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RESULTS
After the conclusion of all 150 urine pH
studies, the nutrients and observed urine pH
values were used to challenge previously
published models.3,4,10 These data were then
plotted and are represented in Figures 1 and
2. These models failed to accurately predict
the average urine pH of the foods used in
the current study (r2 = 0.25, 0.25, and 0.12,
respectively).

A new model was developed using pre-
viously known cations and anions that effect
urine pH with the addition of sulfur in cats
fed dry and wet foods. Individual mean
urine pH per cat (1491 individual urine pH
means) was then regressed to the nutrient
content (100% dry matter basis) of the food
consumed.

Stepwise regression was used to deter-
mine which cations and anions were of pre-
dictive importance. The cations included in
the dry and wet model were sodium, calci-
um, potassium, and magnesium, whereas
the anions were chloride, sulfur, phospho-
rus, and the amino acids methionine and
cysteine (Table 3). This analysis resulted in
the following prediction equation for both
wet and dry foods:

Urine pH = 6.99 + (1.29 × sodi-
um) + (0.78 × potassium) - (0.81

× chloride) - (0.49 × sulfur) +
(0.12 × calcium) + (1.22 × mag-
nesium) - (0.60 × phosphorus) -

(0.22 × methionine) - 
(0.27 × cysteine)

The new model accounted
for 37% variation in individ-
ual (n = 1491) observed urine
pH and 56% of the variation
observed in average (n = 150)
urine pH in the cats fed 150
foods (Table 3 and Figure 3).

To determine if separating
the food types (dry vs wet)
resulted in higher accuracy in
urine pH prediction, 2 more
models (dry only and wet only)
were developed. The cations

included in the wet model were sodium, potas-
sium, and magnesium, whereas the anions
were chloride, sulfur, phosphorus, and the sul-
fur amino acids methionine and cysteine.
Calcium was excluded from the model (Table
4). This analysis resulted in the following pre-
diction equation for wet foods:
Urine pH (wet foods) = 7.03 + (1.43 × sodium) +
(0.93 × potassium) - (1.16 × chloride) - (0.30 ×

sulfur) + (4.76 × magnesium) - (0.92 × phospho-
rus) - (0.41 × methionine) + 

(0.34 × cysteine)

The new model accounted for 45% vari-
ation in individual (n = 596) observed urine
pH and 70% of the variation observed in
average (n = 60) urine pH in the cats fed 60
wet foods (Table 4 and Figure 4).

The cations included in the dry model
were sodium, potassium, magnesium, and
calcium, whereas the anions were chloride,
sulfur, and phosphorus. Methionine and cys-
teine were excluded from this model. This
analysis resulted in the following prediction
equation for dry foods:
Urine pH (dry foods) = 7.03 + (1.00 × sodium) +
(1.00 × potassium) - (0.93 × chloride) - (1.61 ×

sulfur) + (0.89 × calcium) + (1.58 × magnesium) -
(1.04 × phosphorus)

Table 2. Analyzed Nutrients and Observed Urine pH of the 60
Wet Foods Used in Feline Urine pH Studies.

Nutrient,
100% Dry
Matter Basis Minimum Maximum Average

Standard
Deviation

Sodium 0.267 1.227 0.394 0.163

Potassium 0.643 1.228 0.925 0.120

Chloride 0.172 2.876 0.865 0.395

Sulfur 0.237 2.763 0.840 0.302

Calcium 0.469 1.413 0.971 0.231

Magnesium 0.044 0.351 0.088 0.043

Phosphorus 0.420 1.144 0.821 0.152

Methionine 0.345 2.005 1.326 0.342

Cysteine 0.251 0.866 0.401 0.107

Observed 
urine pH

5.845 7.337 6.457 0.326
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The new model accounted for 49%
variation in individual (n = 895) observed
urine pH and 73% of the variation
observed in average (n = 90) urine pH in
the cats fed 90 dry foods (Table 5 and
Figure 5).

DISCUSSION
The formation of stones (struvite and cal-
culi) in the urinary tract is a significant clin-
ical problem for dogs and cats. When urine
becomes supersaturated with minerals
(increased urinary excretion of composite
minerals; magnesium, ammonium and phos-
phate), and the urine pH is favorable to
crystallization (more alkaline; >7.0 pH),
minerals precipitate out of solution to form
crystals.1,14 These crystals then accumulate
to form uroliths (struvite, oxalate, etc.). The
extent, size, and shape of the uroliths is
dependent on whether the conditions in the
kidney are ideal for the urolith growth or if
the urolith can be dissolved and excreted
without complications (urethral plug).14

The manipulation of urine pH through
nutrition to prevent stone formation in cats
has been studied extensively.3,15–18 The for-
mation of struvite uroliths are often associ-
ated with foods that are high in magnesium,
favor an alkaline urine pH, and are more
common in young and adult cats (ages 1 to
7 years).14 Decreasing urine pH (<6.6) has
been shown to have a greater effect on
reducing the struvite-forming potential than
changing the concentration of the compo-
nents of struvite.3

Although reducing the urine pH for stru-
vite management is the goal for many pet
food formulations, this may not be ideal for
older cats (ages 7 to 9 years), which have a
greater potential to form calcium oxalate
stones. The widespread use of magnesium-
restricted and urine-acidifying foods (<6.3
pH) to control struvite in cats has been
implicated in the increase of calcium
oxalate urolith incidences.14

Given these complex circumstances,
having a means to predict urine pH via the
nutrient composition of the food prior to orTa
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without having to feed the food to animals
would be of significant value to the pet food
industry (reduced animal testing, costs asso-
ciated with reformulations, etc.). It has been
previously demonstrated that the cation and
anion content in the food was highly corre-
lated with and directly affected the urine pH
in cats.3,4,10

Kienzle and Schuhknecht10 studied the
effect of struvite reducing foods on urine
pH in cats fed 3 wet, 3 dry, and 4 struvite-
reducing commercial foods. The dietary
cations, anions, and amino acids that were
shown to affect urine pH were calcium,
magnesium, sodium, potassium, methionine,
cysteine, phosphorus, and chloride. The
authors found that there was a high correla-
tion between base excess and the mean
urine pH. The linear equation derived from
the study accounted for 96% of the variation
in the foods used in the study. However,
when applied to all 150 foods (dry and wet)
in the present study, the linear equation only
accounted for 25% of the variation seen in
urine pH values (Figure 1).

Kienzle and Wilms-Eilers4 studied the
effects of ammonium chloride and carbon-
ates on acid-base balance in cats. They also
found that dietary calcium, magnesium,
sodium, potassium, methionine, cysteine,
phosphorus, and chloride were the cations,
anions, and amino acids affecting urine pH.
However, when base excess exceeded the 
-400 to -500 mmol/kg dry matter, the accu-
racy to predict urine pH was increased via a
parabolic equation. The new equation
accounted for 99% of the variation in urine
pH values of the 13 experimental foods
studied. Although this equation has a high
degree of accuracy for their study, when
applied to all 150 foods used in the present
study, the equation only accounted for 25%
of the variation seen in urine pH values
(Figure 1).

Markwell et al3 studied the effects of
cations and anions on urine pH in cats fed
32 canned foods in order to predict urine pH.
The dietary cations, anions, and amino acid
that affected urine pH were calcium, sodium,

potassium, phosphorus, methionine, and
chloride. Their equation accounted for 36%
of the variation seen in their observed urine
pH values. When applying their equation to
the 60 wet foods used in the present study,
the equation only accounted for 12% of the
variation seen in the pH values (Figure 2).

The failure of these previous
models/equations to accurately predict the
urine pH using the nutrient content of the
foods in the present study could be the
result of limited data sets or not taking into
account the total sulfur content of the foods.
Although methionine and cysteine are con-
sidered to be highly available sulfur-con-
taining compounds, other sulfur sources are
used in the pet food industry to reduce urine
pH in companion animal foods. Sources of
sulfur commonly used to lower urine pH in
feline foods include sodium bisulfate, calci-
um sulfate, and potassium sulfate. Other
sulfur-containing compounds utilized in
these foods and commonly used in commer-
cials foods include sulfites (preservatives),
sodium bisulfate, ferrous sulfate, manganese
sulfate, chondroitin sulfate, lipoic acid, thi-
amine, biotin, and taurine.

Magee et al19 studied the contribution of
dietary protein and inorganic sulfur to total
urinary sulfate in humans and found that
urinary sulfate from protein sources had a
strong correlation with urinary nitrogen (r2 =
0.86). Inorganic sulfur (sulfites) was the dif-
ference between total sulfate in urine minus
the sulfate derived from protein sources.
The estimated contribution of inorganic sul-
fur to total urinary sulfate in humans ranged
from 20% to 30%.

As indicated earlier, sodium bisulfate
has been shown to lower urine pH in cats.20

When compared with phosphoric acid, the
sodium bisulfate-containing foods were able
to maintain similar urine pH and no differ-
ences were observed between the 2 dietary
acidifiers. Ammonium sulfate has also been
shown to be an effective dietary acidifier to
reduce urine pH in rats. Emerick and Lu9

demonstrated that ammonium sulfate was
equivalent in reducing urine pH when com-
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pared woth ammonium chloride in rats. As a
result, both compounds were effective in
reducing the incidence of urolith formation
in rats fed a highly available silica source
(tetraethylorthosilicate).

In the present study, sulfur was a key
nutrient for lowering the urine pH in both
wet and dry feline foods. When dietary sul-
fur (sulfate) and other anions (chloride and
phosphorus) are absorbed, there is a shift in
the cation-anion balance to a more negative
state (toward metabolic acidosis). This
results in an increase in arterial concentra-
tion of hydrogen ions. The body tries to
maintain a slightly alkaline arterial blood
pH (approximately 7.4) by responding to
this increase in hydrogen ions through 4
processes.21 The processes include: 1) extra-
cellular buffering; 2) intracellular and bone
buffering; 3) respiratory buffering; and 4)
renal excretion of the extra hydrogen ions.
The first 3 processes take action to mini-
mize the increase in hydrogen concentration
until the kidney restores acid-base balance.
The kidney restores the acid-base balance
by eliminating the excess hydrogen ions in
the urine,21 thus reducing urine pH.

In the current study, taking into account
the total calcium, magnesium, potassium,
sodium, phosphorus chloride, sulfur methio-
nine, and cysteine content of the food
accounted for 73% and 70% of the variation
in the observed average urine pH in dry only
and wet only models, respectively. It
appears that different nutrients affects urine
pH when separating the models into dry
only and wet only foods. The signs of the
coefficients for the dry food only are in
agreement with what was expected.
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Figure 2. Prediction of feline urine pH using
Markwell et al3 equation used for the 60
feline wet foods used in the study. pH = 6.42
+ (0.572 × calcium) + (0.727 × sodium) +
(0.674 × potassium) - (0.731 × phosphorus) -
(0.546 × methionine) - (0.183 × chloride); nutri-
ents on g/100 g as-fed basis.

R 2  = 0.56 

5.00 

5.50 

6.00 

6.50 

7.00 

7.50 

8.00 

5.00 5.50 6.00 6.50 7.00 7.50 8.00 

Average Predicted Urine pH  

A
v
e
ra

g
e
 O

b
s
e
rv

e
d

 U
ri

n
e
 p

H

Figure 3. Average predicted urine pH vs aver-
age observed urine pH of 150 feline foods (90
dry and 60 wet foods). Each data point for
the average observed urine pH represents
the mean urine pH of 10 cats fed a particular
food. Urine pH = 6.99 + (1.29 × sodium) + (0.78
× potassium) - (0.81 × chloride) - (0.49 × sulfur)
+ (0.12 × calcium) + (1.22 × magnesium) -
(0.60 × phosphorus) - (0.22 × methionine) -
(0.27 × cysteine).
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Figure 1. Prediction of feline urine pH using
Kienzle and Wilms-Eilers4 (parabolic) and
Kienzle and Schuhknecht10 (linear) equations
for 150 feline foods (90 dry and 60 wet) used
in the current study. Linear urine pH = 6.79 +
(0.0021 × base excess); parabolic urine pH =
7.1 + (0.0019 × base excess) + ([9.7 × 10-7] ×
base excess). Base excess = (49.9 × calcium)
+ (82.3 × magnesium) + (43.5 × sodium) +
(25.6 × potassium) - (64.6 × phosphorus) -
(13.4 × methionine) - (16.6 × cysteine) - (28.2
× chloride); nutrients on g/kg dry matter.
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Increases in pH were directly related to
increases in calcium, potassium, sodium,
and magnesium and inversely related to sul-
fur, phosphorous, and chloride. The wet
food model also included methionine and
cysteine. The coefficient of methionine is in
agreement with past studies3; however, cys-
teine in the wet model was shown to be
directly related to an increase in urine pH. It
is uncertain why this occurred. It is well
known that when cysteine is metabolized in
the body there is a release in sulfate. As a
result, cysteine should have an inverse rela-
tionship with urine pH.

In conclusion, urine pH of adult cats can
be predicted from the nutrient components
of the food, thus reducing the number of
animal studies in order to optimize urine pH
(for struvite and/or oxalate prevention) for
specific products. Separate formulas must
be used for dry and wet foods in order to
maintain accuracy. In addition, number of
foods, the range of the nutrients, and
observed urine pH are broad enough to
cover most commercial feline dry and wet
foods in the marketplace. With this knowl-
edge, pet food companies can formulate
foods or veterinarians can provide supple-
ments or recommendations for an optimal
urine pH by managing cation-anion balance.
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