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Abstract 13 

High dietary phosphorus (P), particularly soluble salts, may contribute to chronic kidney 14 

disease development in cats. The aim of this study was to assess the safety of P supplied at 15 

1g/1000kcal from a highly soluble P salt in P-rich dry format feline diets. Seventy-five healthy 16 

adult cats (n=25/group) were fed either a low P control (1.4g/1000 kcal; calcium:phosphorus 17 

ratio, Ca:P 0.97) or one of two test diets with 4g/1000 kcal (4184kJ); Ca:P 1.04 or 5g/1000kcal; 18 

Ca:P 1.27, both incorporating 1g/1000kcal (4184kJ) sodium tripolyphosphate (STPP) ‒ for a 19 

period of 30 weeks in a randomised parallel-group study. Health markers in blood and urine, 20 

glomerular filtration rate, renal ultrasound and bone density were assessed at baseline and at 21 

regular time points. At the end of the test period, responses following transition to a commercial 22 

diet (total P – 2.34g/1000kcal, Ca:P 1.3) for a 4-week washout period were also assessed. No 23 

adverse effects on general, kidney or bone (skeletal) function and health were observed. P and 24 

Ca balance, some serum biochemistry parameters and regulatory hormones were increased in 25 

cats fed test diets from week 2 onwards (p≤0.05). Data from the washout period suggest that 26 

increased serum creatinine and urea values observed in the two test diet groups were influenced 27 

by dietary differences during the test period, and not indicative of changes in renal function. 28 

The present data suggest NOAELs for feline diets containing 1g P/1000kcal (4184kJ) from 29 

STPP and total phosphorus level of up to 5g/1000kcal (4184kJ) when fed for 30 weeks.   30 
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Introduction 31 

Chronic kidney disease (CKD) has long been established as the most prevalent metabolic 32 

disease and the leading cause of death in domestic cats over the age of 12 years (1; 2). It is a 33 

progressive disease that can be triggered by a number of genetic and environmental factors (3). 34 

Among acquired causes of the disease, dietary phosphorus (P) has been linked to its 35 

development and/or progression, not only in cats (2), but also in humans (Reviewed in 4).  36 

 37 

Several studies have indicated that inclusion of high levels of soluble P salts in diets, often 38 

added for technical, palatability and nutritional reasons, can cause glucosuria and increase 39 

blood urea nitrogen content whilst decreasing creatinine clearance (5; 6). In a recent feeding 40 

study (2), reduced feed intake and vomiting were observed within four weeks in adult cats fed 41 

high dietary levels of sodium dihydrogen phosphate (NaH2PO4; SDHP) providing 42 

3.6g/1000kcal (4184kJ) P (total P 4.8g/1000kcal; calcium:phosphorus ratio [Ca:P] 0.6). This 43 

led to structural and functional changes in the kidneys as indicated by reduced GFR and 44 

proteinuria, compatible with early stage CKD.(2) This may have been due to the high post-45 

prandial serum phosphate levels induced by the test diet (7). In a subsequent 28-week study, 46 

exposure to a more moderate level of SDHP, providing 1.5g/1000kcal P (total P 3.6g/1000kcal; 47 

Ca:P 0.9) resulted in the development of renoliths and/or structural changes in the kidneys (2). 48 

Although biochemical markers of kidney health remained within physiological reference 49 

ranges in most of these cats, three out of 25 in the test group were removed from the study due 50 

to persistent azotaemia (2).  51 

 52 

A no observed adverse effect level (NOAEL) has therefore yet to be established for total P or 53 

the inclusion of soluble P salts, and currently no specific nutritional guidance for safe upper 54 

limits for dietary P exist for feline diets. Since 2018, however, The European Pet Food Industry 55 

FEDIAF, has added a precautionary footnote to maximum dietary P recommendations, 56 

suggesting that inorganic P compounds may pose a risk to feline renal function (2; 8; 9). The 57 

studies reported by Alexander et al. (2) indicate that further long term feeding trials are needed 58 

to determine safe upper limits of dietary P and particularly in the form of added soluble salts. 59 

Dietary P from organic raw materials, such as meat and bone meals or plant-based ingredients, 60 

has been shown to be less bioavailable than from soluble P salts (6; 10). Recent studies in healthy 61 

adult cats investigating post-prandial responses following single meal exposure indicate that 62 

soluble P salts, but not organic P sources, induce rapid, dose-dependent increases in serum 63 

phosphate and parathyroid hormone (PTH), a key regulator of mineral homeostasis (7). There 64 
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is also evidence that increasing the Ca:P may mitigate the effects of exposure to high levels of 65 

soluble P salts in the diet (7; 11). Current FEDIAF guidance for feline diets recommends Ca:P 66 

between 1:1 and 2:1 (12). 67 

 68 

To provide further evidence to inform a safe upper limit for soluble P inclusion in cat diets, a 69 

30 week feeding study was initiated to investigate the effects of 1g P/1000kcal (4184kJ) of 70 

sodium tripolyphosphate (Na5P3O10, STPP). Two diets were tested at this level, containing 71 

either 4g/1000kcal (4184kJ) or 5g/1000kcal (4184kJ) levels of total P, with Ca:P ratios of 1 72 

and 1.3, respectively. This enabled two hypotheses to be tested, firstly that a diet formulated to 73 

4g/1000kcal (4184kJ) total P (incorporating 1g P from STPP) and a Ca:P =1 would induce no 74 

observable adverse effects; and secondly increasing the total P to 5g/1000kcal (4184kJ), 75 

maintaining the STPP contribution at 1g, and increasing Ca:P to 1.3 would also induce no 76 

observable effects and allow more flexibility in dietary formulations using organic raw 77 

materials. To evaluate safety, markers of renal and bone function, as well as Ca and P 78 

homeostasis were assessed throughout the course of the study. 79 

  80 
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Materials and Methods 81 

This work was approved by the WALTHAM Animal Welfare and Ethical Review Body and 82 

the local Institutional Animal Care and Use Committee (IACUC, #ONL 19-001).  83 

 84 

Animals and husbandry 85 

Adult cats housed at an independent research facility were health-screened based on assessment 86 

of serum biochemistry, haematology and urinary health parameters, as well as Dual-energy X-87 

ray absorptiometry (DXA) and abdominal ultrasound scans. Prior to screening, the cats had 88 

been fed one of two commercial feline diets, one wet and one dry format (see table 1 for 89 

analysis), for varying amounts of time (1-4 months). Those with findings outside of the 90 

respective laboratory reference intervals or otherwise exhibiting signs of ill health as 91 

considered by the site veterinarian were excluded, as were cats identified as having pre-existing 92 

uroliths, renoliths or abnormal kidney architecture (i.e. extremely small kidneys or high 93 

echogenicity) as determined by an independent specialist in veterinary diagnostic imaging.  94 

 95 

The seventy five cats included in the study (thirty eight neutered males, twenty seven neutered 96 

females and ten entire females) were aged between 1.9 and 8.6 years (median age 5.3 years) at 97 

the start of the study. Before initiation of the feeding study, cats were subjected to a stratified 98 

randomisation across diet groups to balance gender and neuter status, age, energy intake and 99 

body condition score (BCS). All cats were group housed within the colony across six different 100 

social rooms, capacity varied with room size and there were 20 cats in the largest group. 101 

Deionised water was offered ad libitum and social rooms are enriched with multi-level 102 

furniture, shelving and windows so that cats have access to more of the room and are able to 103 

view the surroundings. To enable individual feeding, cats received two meals per day, each 104 

providing 50% of their maintenance energy requirements (MER), for 30 minutes within their 105 

assigned lodges (measuring 122cm x 90cm x 76cm [height x length x depth], multileveled with 106 

hammocks and privacy barriers), arrangements that they were habituated to. When individual 107 

housing was required during urine and faeces collection phases, they were placed within the 108 

same assigned lodges, within their normal rooms, overnight. During the day, cats were group 109 

housed and monitored to enable socialization and normal behaviours during the collection 110 

periods. 111 

 112 
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Throughout the study period, diets were offered to maintain body weight within 10% of their 113 

initial weight and BCS assessed according to a 9-point scale (13). Deionised water was offered 114 

ad libitum throughout the study. 115 

 116 

Study Design  117 

The study assessed kidney health effects in adult cats offered one of three experimental diets 118 

during a 30-week feeding study in a parallel design followed by a 4-week washout period. The 119 

number of cats included was based on power analyses (detailed in Statistical Powering section). 120 

All cats were initially offered the control diet (Table 1) for 5 weeks. In the final 2 weeks of this 121 

pre-feed period, baseline blood, faeces and urine samples were collected. Following this, each 122 

group was then offered one of three experimental diets (Table 1) differing in P content, source 123 

and Ca:P ratios for 30 weeks. All cats were then transitioned onto the dry format commercial 124 

diet, fed during the screening phase, for the 4-week washout period, after which an additional 125 

blood and urine sample was collected (see Table 1 for diet analyses). 126 

 127 

Diets  128 

Single batches of all three experimental dry format extruded diets were manufactured by Mars 129 

Petcare North America (Franklin, Tennessee, USA) using ingredients routinely used in 130 

commercial cat foods. All diets were produced through a standard extrusion process common 131 

in the pet food industry (14). For ease, these experimental diets will subsequently be referred to 132 

as control, moderate and high throughout (see table 1 for analyses).  The control diet, was 133 

formulated to meet the Association of American Feed Control Officials (AAFCO) and FEDIAF 134 

minimum recommended total P level of 0.5g/100 g dry matter (or 1.25g/1000kcal [4184kJ] 135 

based on an estimated MER of 100 kcal/kg0.67 body weight for adult cats) and a Ca:P ratio of 136 

1.0. The P content of this diet was almost entirely supplied by the animal and plant derived raw 137 

materials, although a small contribution (0.06g P/1000kcal representing 4.4% of the total P) 138 

came from a commercial palatant. The two test diets both included sodium tripolyphosphate 139 

(Na5P3O10; STPP), at a level to provide a P at 1.0g/1000kcal (4184kJ). The test diets differed, 140 

however, in total P and Ca:P ratios with the moderate test diet formulated to contain 1.5g/100 141 

g DM (4g/1000kcal or 4184kJ) and a Ca:P ratio of 1.0, and the high test diet formulated to 142 

contain 1.8g/100 g DM (5g/1000kcal or 4184kJ) and a Ca:P ratio of 1.3 (table 1). Due to the 143 

Ca and P content of chicken and pork meals used in the diets, the high test diet’s Ca:P could 144 

not be adjusted to <1.3. 145 
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Table 1. Experimental diet composition in g/1000kcal (4184kJ) or g/100g. 146 

 

Control  Moderate High Screening diet: Wet‡ Screening and Washout 

diet: Dry§ 

Nutrient (g/1000kcal)  (g/100g)  (g/1000kcal) (g/100g)  (g/1000kcal) (g/100g)  (g/1000kcal)  (g/100g)  (g/1000kcal)  (g/100g) 

Phosphorus  1.43 0.55 4.03 1.49 5.03 1.84 3.61 0.36 2.34 0.86 

Inorganic P 

present (source) 

0.06  

(palatant) 

0.02 1.0   

(STPP) 

0.37 1.0 

(STPP) 

0.38 0.9 

(STPP) 

0.09 0.78 

(palatant) 

0.3 

Calcium 1.38 0.53 4.20 1.55 6.38 2.34 3.13 0.31 3.03 1.11 

Ca:P 0.96 0.96 1.04 1.04 1.27 1.27 0.90 0.90 1.30 1.30 

Sodium 2.00 0.77 2.01 0.74 2.12 0.78 2.73 0.27 1.27 0.47 

Magnesium 0.23 0.09 0.26 0.10 0.31 0.11 0.19 0.02 0.23 0.09 

Chloride 3.96 1.52 1.76 0.65 1.69 0.62 1.30 0.13 2.01 0.74 

Vitamin D3
* 484.00 186.00 436.23 161.00 493.43 181.00 221.26 22.10 171.20 63.00 

Protein 80.15 30.80 90.36 33.35 98.55 36.15 97.01 9.69 78.64 28.94 

Fat 35.65 13.70 34.14 12.60 35.30 12.95 75.09 7.50 34.84 12.82 

Ash 14.83 5.70 23.71 8.75 28.62 10.50 21.73 2.17 22.55 8.30 

Crude Fibre 10.28 3.95 9.89 3.65 10.09 3.70 2.00 0.20 10.33 3.80 

Moisture 15.22 5.85 17.77 6.56 17.26 6.33 812.94 81.20 18.13 6.67 

Predicted 

Metabolisable 

Energy, PME† 

 384.30  369.1  366.8  99.9  368.0 

*International units IU/1000kcal or IU/100g 147 
†Calculated by proximate analysis to PME kcal/100g according to LaFlamme(15) 148 
‡Whiskas pate with Chicken  149 
§Royal Canin Indoor Dry (cat)  150 
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Analyses 151 

Diets were nutritionally analysed to ensure they were complete and balanced according to 152 

AAFCO guidelines. All nutritional chemical analyses were carried out using Association of 153 

Official Agricultural Chemists (AOAC) procedures at Mars Petcare North America Regional 154 

Laboratory (Franklin, Tennessee). 155 

 156 

Intake was recorded on an individual basis as mass (g) of diet offered minus mass (g) of diet 157 

refused. Body weight and body condition score were recorded weekly using the same calibrated 158 

scale.  159 

 160 

Mineral Balance 161 

Faecal mineral content and apparent digestibility. At baseline and after 27 weeks of feeding, 162 

five day total urine and faeces collections were carried out to determine macronutrient, Ca and 163 

P apparent digestibility and balance. Faeces were stored at -20°C in a sealed container until the 164 

5-day pooled sample was collected and analysed at the Royal Canin Laboratory, Guelph, 165 

Canada. Faeces were dried, homogenised, the moisture crude fibre, ash, fat and protein content 166 

measured according to established AOAC methods. Inductively Coupled Plasma (ICP) atomic 167 

emission spectroscopy (AES) analysis of P and atomic absorption spectrometry (AAS) analysis 168 

of Ca were also performed on faecal samples. Apparent digestibility (%) was calculated to 169 

represent the fraction of the nutrients that were retained from the diet rather than being excreted 170 

in the faeces using the following formula:  171 

Apparent digestibility (%) = (Intake- Faecal excretion)/Intake)*100 172 

 173 

An estimation of the possible exposure of the cats to P and Ca was carried out using the 174 

formula: 175 

Mineral exposure (g/kg MBW/d) = Mineral intake*(Apparent digestibility/100) 176 

 177 

Urine mineral content and relative super saturation (RSS). All urine excreted during a 5 day 178 

period was collected and stored at -80°C until analysis was performed. Urinary pH was 179 

assessed on freshly voided samples twice daily. The method for urine preparation and RSS 180 

analysis has been previously described (16). Samples were analysed, at the Royal Canin 181 

Laboratory, Guelph, Canada, for oxalate, citrate, urate, potassium, calcium, sodium, 182 

ammonium, creatinine, sulphate, and phosphate via ion chromatography. The concentrations 183 

of minerals were then analysed by SUPERSAT software(16) to calculate the RSS (activity 184 
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product / solubility product) for struvite (magnesium ammonium phosphate; MAP) and Ca 185 

oxalate (CaOx). The urine concentration of P and Ca used for calculation of the urinary 186 

excretion of these minerals were determined via Inductively Coupled Plasma (ICP) analysis at 187 

the University of Guelph, Ontario, Canada.  188 

 189 

Mineral balance (g) was also calculated for P and Ca as:  190 

Total mineral balance (g) = Intake - (faecal excretion + urinary excretion) 191 

 192 

Urinalysis. At screening, baseline, 2, 4, 8, 12, 20, 27 weeks and following the 4 week washout 193 

period, a 5ml freshly voided sample was obtained from each cat for albumin, creatinine, 194 

protein, pH, and urine specific gravity analysis. Chemstrip 10A (Roche diagnostics) strips were 195 

employed with visual inspection via microscopy for urinary crystals and specific gravity was 196 

determined using a refractometer (ATAGO URC-Ne) within 30 minutes of collection. 197 

Following storage at -20°C, urine albumin and creatinine were measured using the Beckman 198 

Coulter Microalbumin (OSR6167) and Creatinine (OSR6178) assays for the Olympus AU480 199 

biochemistry analyser (Olympus Europe GmbH). The urine albumin to creatinine ratio 200 

(UACR) was then calculated for each sample.   201 

 202 

Blood based measures. At screening, baseline and week 2, 4, 8, 12, 20 and 28 of the study and 203 

following the 4 week washout period, morning fasted (>12 hrs) blood samples were collected 204 

for the measurement of standard biochemistry and haematology parameters. Vitamin D 205 

metabolites, parathyroid hormone (PTH), fibroblast growth factor 23 (FGF23), and markers of 206 

bone turnover – ionised calcium (iCa), serum cross laps (CTx) and bone specific alkaline 207 

phosphatase (BAP) were measured during the study and washout period only. 208 

Ethylenediaminetetraacetic acid (EDTA) anticoagulated blood was sent to IDEXX laboratories 209 

(Markham, Ontario Canada) for measurement of standard haematology parameters: white and 210 

red blood cell counts (WBC, RBC), haemoglobin concentration, haematocrit, platelet count, 211 

mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), number and % of 212 

lymphocytes, monocytes and granulocytes. Serum was also prepared using serum separator 213 

tubes, these were stood upright at room temperature for a minimum of 30 minutes prior to a 10 214 

minute centrifuge at 2000g, and sent to IDEXX laboratories (Markham, Ontario Canada) for 215 

determination of standard biochemistry parameters. These included total protein, albumin, 216 

phosphate, alkaline phosphatase (ALP), alanine transaminase (ALT), aspartate 217 

aminotransferase (AST), calcium, cholesterol, blood urea nitrogen (BUN), creatinine, 218 
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triglycerides, and glucose, as well as symmetric dimethylarginine (SDMA, was not measured 219 

during screening). Further serum was prepared in the same manner for the measurement of 220 

BAP and CTx using the BAP MicroVue™ Quidel ELISA (TECO medical Group) and 221 

CartiLaps® ELISA (Immunodiagnostic Systems Ltd), according to the manufacturer’s 222 

instructions; both assays have been previously validated for use in feline samples (17). EDTA 223 

anticoagulated blood was centrifuged at 2000g for 10 minutes and plasma aliquoted, this 224 

plasma was sent to the Department of Comparative and Biomedical Sciences, Royal Veterinary 225 

College (London) for measurements of intact plasma FGF-23 and PTH concentration. FGF-23 226 

was analysed using a sandwich ELISA (Kainos Laboratories Inc., Japan) as detailed by Geddes 227 

et al. 2013 (18), and PTH concentrations by a total intact PTH immunoradiometric assay 228 

(Scantibodies Laboratory, Inc. CA USA), previously validated for use with feline samples (19). 229 

Serum was also prepared as above for the measurement of the vitamin D metabolites at the 230 

Bioanalytical Facility at the University of East Anglia, Norwich, UK using methods previously 231 

validated for cats (2). Total 25OHD and total 24,25 (OH)2D were measured by LC/MS-MS 232 

(performed using a Micromass Quattro Ultima Pt mass spectrometer (Waters Corp., Milford, 233 

MA). Total serum 1,25 (OH)2D levels were measured using an EIA Kit (IDS Ltd., Tyne & 234 

Wear, UK).  Ionised calcium, iCa, analysis was conducted using heparinised whole blood in a 235 

Stat Profile Prime Critical Care analyser (Nova Biomedical, MA, USA).  236 

 237 

Serum calcium-phosphorus (CaP) product (mmol2/L2) was calculated by multiplying plasma 238 

total calcium and inorganic phosphorus concentrations in mmol/L. 239 

 240 

Renal functional measurements. At baseline and week 4, 12, 20 and 28 of the study, iohexol 241 

clearance tests were carried out to enable an estimate of glomerular filtration rate using the 242 

method described by Finch et al. (20). Briefly, 647 mg/kg iohexol (Omnipaque 300, Amersham 243 

Health, NJ, USA) was administered over a 2-3 minute period, via a cephalic catheter, followed 244 

by a heparinised saline flush (100 IU/ml, Wockhardt UK Ltd. Wrexham, U.K). The completion 245 

of the infusion represented time zero. Blood samples (1 mL) were collected from the cephalic 246 

vein into serum separator tubes at 2, 3 and 4 h post infusion. Serum iohexol concentration at 247 

each time point was analysed using High Performance Capillary Electrophoresis (deltaDOT 248 

Ltd., London BioScience Innovation Centre, London). Weight adjusted clearance (mL/kg/min) 249 

was calculated by the slope of the concentration gradient over the three time points.  250 

 251 
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The fractional excretion of P (FEP) and Ca (FECa) were calculated as the percentage filtered by 252 

the glomerulus and excreted into the urine, expressed as a ratio to creatinine clearance as below: 253 

 254 

% FE    = Urinary concentration of [X]*serum creatinine concentration x 100 255 

            Urinary concentration of creatinine*serum [X] concentration  256 

 257 

Imaging. At screening and at the end (week 30) of the study, a general physical health 258 

examination, DXA and abdominal ultrasound scans were carried out to detect soft tissue 259 

mineralization, urolithiasis or other pathology, with an additional ultrasound also performed 260 

during weeks 13 or 14. With the cats under sedation (6 mg/kg Intra Venous, IV, Propofol 261 

[10mg/mL]), radiographs of the abdomen were taken in ventrodorsal and right lateral 262 

recumbency, those of the thorax in right lateral recumbency and full abdominal ultrasound 263 

scans also carried out (6mHz probe on a Biosound Esaote MYLAB 30 machine). To confirm 264 

ultrasound findings at the end of the study (week 30), an additional enhanced resolution scan 265 

was performed with a 10-12mHz (linear probe) on a Logiq-E R7 machine with cats 266 

anaesthetised (0.14mg/kg intramuscular (IM) or subcutaneous (SQ) premedication premix 267 

consisting of Butorphanol (10mg/mL), Atropine (0.5mg/mL) and Acepromazine (10mg/mL), 268 

and anaesthetized with 5mg/kg IV Propofol (10mg/mL). All scans and radiograph 269 

interpretations were carried out by two independent specialist veterinary diagnostic imagers 270 

who were blinded to the dietary groupings.  271 

 272 

Statistical powering. The study was powered according to the primary response variable GFR 273 

(iohexol clearance ml/min per kg), by simulation using baseline values from previous studies 274 

to estimate variance (2). To detect a change in distribution where 10% of cats had values 275 

<0.92ml/min per kg, with approximately 80% power, 20 cats were required per diet group and 276 

an additional 5 cats per group were used in the study to allow for potential drop out.  277 

 278 

Statistical analysis. Linear mixed effects models were used with log10 transformation where 279 

necessary and fixed effects of diet group, time point (weeks) and the interaction between diet 280 

group and time point. Individual cat was included as a random effect and time point was 281 

included as a factor, not a continuous variable. From these models mean values and 95% 282 

confidence intervals were estimated for each diet group and time point. For the pH measure, 283 

the median collection time was used for all estimates.  284 

 285 
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For the measures that had data for both screening and washout periods, a linear mixed effects 286 

model was fitted with the measure as the response, sampling time, diet group and their 287 

interaction as fixed effects and individual cat as a random effect. The estimates for each diet 288 

group at each time point were obtained from the model. The difference between washout and 289 

screening periods was calculated within each diet group using a Tukey honestly significantly 290 

different (hsd) test. These differences for each diet group were compared back to the control 291 

diet, again using a Tukey hsd test.  292 

 293 

Where data is only available from the washout period, a linear model was fitted with the 294 

measure as the response, and diet group as the predictor variable. The difference between the 295 

test diet groups and the control diet were calculated using a Tukey test.  296 

 297 

All analyses were performed using R version 3.6.1 (21) with the lme4 (22) and multcomp (23) 298 

libraries. Multiple comparisons correction was applied within each measure to maintain a false 299 

discovery rate of 5%. 300 
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Results 302 

Body weight and intakes 303 

To ensure that the diets had been accepted by the cats for the duration of the study, body weight 304 

and intake were investigated. Body weight did not significantly change between diet groups or 305 

over the course of the study (Table 2), however intake reduced between baseline and 27 weeks 306 

across all groups. Compared to control diet, mean exposure to P and Ca was greater in the test 307 

diets (Table 2) reflecting the differences in formulations.  308 

 309 

Table 2. Body weight, intakes and estimated P and Ca exposure at beginning and end of the study. 310 

                                        Control      Moderate High 

 baseline (n=75) 27 weeks (n=25) 27 weeks (n=25) 27 weeks (n=25) 

Mean Body weight  

(kg: min, max) 

4.80  

(3.01, 7.53) 

4.82  

(2.98, 7.71) 

4.91  

(3.07, 8.10) 

4.88  

(3.59, 6.33) 

Mean Intake  

(g/d: min, max) 

62.79 

(35.86, 83.90) 

52.98  

(31.64, 78.68) 

57.05  

(36.28, 75.36) 

59.16  

(42.64, 80.30) 

Mean P exposure  

(g/kg MBW/d: min, max) 

0.08  

(0.03, 0.11) 

0.07  

(0.05, 0.10) 

0.20  

(0.15, 0.25) 

0.25  

(0.19, 0.32) 

Mean Ca exposure  

(g/kg MBW/d: min, max) 

0.07  

(0.01, 0.10) 

0.06  

(0.02, 0.08) 

0.18  

(0.11, 0.25) 

0.29  

(0.18, 0.39) 

 311 

Mineral apparent digestibility, balance and fractional excretion 312 

The digestibility of P and Ca in the diets and the effect on mineral balance and fractional 313 

excretion were evaluated. At baseline, P and Ca excretion and balance were not significantly 314 

different between groups (Figure 1). Excretion of P in urine and faeces increased significantly 315 

in cats fed both test diets (p<0.001, Figure 1a and c).  Urinary excretion of P was higher in cats 316 

fed the moderate test diet than the high test diet (p=0.033, Figure 1a), whilst P faecal excretion 317 

was higher in cats fed the high test diet than the moderate test diet (p<0.001, Figure 1c). This 318 

resulted in a higher positive P balance in cats fed the high test diet than the moderate test diet 319 

at the end of the study (p=0.043, Figure 1e). Urinary Ca excretion decreased from baseline in 320 

all diet groups (p<0.001, Figure 1b). Faecal excretion of Ca increased after feeding both test 321 

diets, although this was significantly greater for the high test diet compared to the moderate 322 

test diet (p<0.001, Figure 1d). This resulted in a higher positive Ca balance in cats fed the high 323 

test diet than the moderate test diet at the end of the study (p=0.002, Figure 1f). 324 
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e F 

  

Figure 1 Mean values with 95% upper and lower confidence intervals (n=25 per diet group) for calcium (Ca) 

and phosphorus (P) excretion and balance at baseline (week 0) and week 27. Urinary excretion (g/kg metabolic 

body weight, MBW) of a) P and b) Ca; faecal excretion (g/kg MBW) of c) P and d) Ca; and resulting balance 

(g/d) for e) P and f) Ca in cats fed ● Control (1.4g total P, Ca:P = 0.96), ▲ Moderate (4g total P, 1g P from 

STPP, Ca:P = 1), and ■ High (5g total P, 1g P from STPP, Ca:P = 1.3) diets. All graphs show baseline and 

week 27 and are shown by dietary group. * signifies that the change from baseline in that test diet is significantly 

different from the change from baseline in the control diet, whilst a marker change from an “open” to a “filled” 

symbol denotes a significant difference from baseline within diet group.  
 326 

Data indicate fractional excretion of P and Ca did not change for cats fed control diet. However, 327 

cats fed test diets increased fractional excretion of P (p<0.001) compared to baseline, whilst 328 
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fractional Ca excretion reduced (p<0.002, table 3). The fractional excretion of P in the moderate 329 

diet group was significantly higher than the high diet group at 27 weeks (p<0.001, table 3). 330 

 331 

Relative supersaturation (RSS) 332 

To better understand the risk of renal and urinary stone formation, urine was collected and 333 

analysed at the beginning and end (week 0 and 27) of the study for RSS. The RSS for calcium 334 

oxalate (CaOX; Figure 2a) was reduced compared to baseline in cats fed both test diets for 27 335 

weeks (p<0.001). At the end of the study, cats fed the high test diet had reduced CaOX RSS 336 

compared to those fed the control diet (p=0.005). In contrast, struvite; magnesium ammonium 337 

phosphate (MAP), RSS (Figure 2b) was increased cats fed all three experimental diets 338 

(p≤0.044) compared to baseline. Cats fed the high test diet had increased MAP compared to 339 

cats fed the moderate test diet (p<0.001). Coincidentally, cats fed the high test diet had lower 340 

MAP at baseline compared to cats fed the moderate test diet (p=0.005). 341 
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Figure 2. Mean values and 95% upper and lower confidence intervals for urinary relative super saturation of 

a) calcium oxalate (CaOX) and b) magnesium ammonium phosphate (MAP) at baseline (week 0) and week 27 

for cats fed diets ● Control (1.4g total P, Ca:P = 0.96), ▲ Moderate (4g total P, 1g P from STPP, Ca:P = 1), 

and ■ High (5g total P, 1g P from STPP, Ca:P = 1.3) diets. All graphs show baseline and week 27 and are 

shown by dietary group. * signifies that the change from baseline in that test diet is significantly different from 

the change from baseline in the control diet, whilst a marker change from an “open” to a “filled” symbol denotes 

a significant difference from baseline within diet group. 

 343 

Glomerular filtration rate (GFR) 344 

In order to directly assess kidney function, iohexol clearance was assessed at regular intervals 345 

to determine GFR. Although no significant differences between diets were detected (Figure 3), 346 

a slight decrease from baseline, which did not meet the level of statistical significance for the 347 

high diet group, was observed over the course of the study. At week 20, a significant reduction 348 

from baseline (p=0.011) was observed for cats fed the control diet, which was not detected at 349 

week 28. Cats fed the moderate test diet had significantly lower GFR at week 28 than at 350 

baseline (p<0.001), but no difference between diet groups were detected at this time point. 351 

 352 

 

Figure 3. Mean values and 95% upper and lower confidence intervals for glomerular filtration rate (iohexol 

clearance in ml/min/kg) at baseline (week 0) and over the course of 28 weeks for cats fed diets ● Control (1.4g 

total P, Ca:P = 0.96), ▲ Moderate (4g total P, 1g P from STPP, Ca:P = 1), and ■ High (5g total P, 1g P from 
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STPP, Ca:P = 1.3) diets. All graphs show baseline and week 27 and are shown by dietary group. * signifies 

that the change from baseline in that test diet is significantly different from the change from baseline in the 

control diet, whilst a marker change from an “open” to a “filled” symbol denotes a significant difference from 

baseline within diet group.  

 

Blood biochemistry, mineral concentrations, regulatory hormones and bone markers 353 

The blood parameters used as indices of health, kidney and bone function, as well as mineral 354 

metabolism and regulation are provided in Figures 4-5 and Tables 3-4.  355 

 356 

Secondary markers of kidney health, creatinine (Figure 4a) and blood urea nitrogen (BUN; 357 

Figure 4b), were increased in cats fed both test diets when compared to baseline values and to 358 

those fed the control diet (p≤0.041 and p<0.001, respectively). Serum SDMA (Table 3) 359 

increased in all groups over the course of the study (p<0.001) and change from baseline for 360 

cats fed the moderate test diet was significantly greater than that for cats fed the control diet at 361 

week 20 (p=0.015). In contrast, no difference between the control and the high test diet group 362 

were detected. Serum albumin and globulin concentrations (Table 3) remained unchanged 363 

throughout the study with no effect of diet observed, although a reduction between screening 364 

and baseline was detected for cats fed the control diet and the high test diet (serum albumin 365 

p<0.001) and cats fed the high test diet only (serum globulin p=0.004). Serum albumin 366 

concentration was found to significantly decrease between screening and washout period for 367 

cats fed the high test diet (p=0.03, Table 3).  368 

 369 

Total serum Ca (Figure 4c) increased in all diet groups by the end of the study, from week 12 370 

for the high test diet, week 20 for the moderate test diet and week 28 for the control 371 

diet(p<0.001). Serum inorganic P (Figure 4d) remained stable throughout the study, except in 372 

cats fed the moderate test diet where P was decreased at weeks 12 to 28 when compared to 373 

baseline values (p≤0.005). There were, however, no significant between diet differences in 374 

serum P concentration during the study. From baseline to week 28, cats fed the high test diet 375 

significantly increased CaP product concentration (Table 3) (p<0.001), but there was no 376 

significant difference compared to the control group at any time. However, at weeks 12 and 28 377 

the change from baseline in the moderate test diet group was significantly less than that in the 378 

high test diet group (p=0.03 and 0.02 respectively). There was a significant increase in CaP 379 

product observed for all diets when screening and washout periods were compared (p<0.001, 380 

Table 3). 381 
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Figure 4. Mean values and 95% upper and lower confidence intervals at baseline (week 0) and during the 

course of 28 days of feeding for serum biochemical parameters a) creatinine (umol/l), b) urea (mmol/l), c) total 

calcium (mmol/l) and d) inorganic phosphorus (mmol/l) in cats fed diets ● Control (1.4g total P, Ca:P = 0.96), 

▲ Moderate (4g total P, 1g P from STPP, Ca:P = 1), and ■ High (5g total P, 1g P from STPP, Ca:P = 1.3) diets. 

All graphs show baseline and week 27 and are shown by dietary group. * signifies that the change from baseline 

in that test diet is significantly different from the change from baseline in the control diet, whilst a marker 

change from an “open” to a “filled” symbol denotes a significant difference from baseline within diet group.  

Dotted lines across the graphs indicate the physiological reference ranges from IDEXX. 
 383 

The plasma concentration of regulatory hormone PTH (Figure 5a) did not show a significant 384 

effect of diet, but did decline over time for all diet groups (p≤0.01). However, FGF-23 plasma 385 

concentrations (Figure 5b) were significantly increased in cats fed the moderate test diet 386 

(p≤0.028). At week 12 cats fed the high test diet had increased FGF-23 concentrations (Figure 387 

5b, p<0.001), this was returned to baseline at week 20, and cats fed the control diet showed a 388 

significant reduction in FGF-23 at week 28 (Figure 5b, p=0.012).  389 

Vitamin D metabolites (Table 3) total 25(OH)D, total 24,25(OH)2D and 1,25(OH)2D showed 390 

no significant differences in serum concentration between the diet groups for the duration of 391 

the study (p>0.05). Total 24,25(OH)2D concentrations decreased significantly from baseline in 392 

all diet groups from week 2 (control p=0.022, moderate test diet p=0.005 and high test diet 393 
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p=0.013). Cats fed the high test diet showed a significant increase from baseline in 1,25(OH)2D 394 

concentration at week 8 (p=0.019), then returned to baseline levels for the rest of the study. 395 

 396 

a b 

  

Figure 5. Mean values and 95% upper and lower confidence intervals at baseline (week 0) and during the 

course of 28 days of feeding for plasma concentrations of a) parathyroid hormone (PTH, pg/ml) and b) 

fibroblast growth factor – 23 (FGF-23, pg/ml) in cats fed ● Control (1.4g total P, Ca:P = 0.96), ▲ Moderate 

(4g total P, 1g P from STPP, Ca:P = 1), and ■ High (5g total P, 1g P from STPP, Ca:P = 1.3) diets. All graphs 

show baseline and week 27 and are shown by dietary group. * signifies that the change from baseline in that 

test diet is significantly different from the change from baseline in the control diet, whilst a marker change from 

an “open” to a “filled” symbol denotes a significant difference from baseline within diet group. Dotted lines 

across the graphs indicate the physiological reference ranges.  

 397 
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Table 3. Selected blood biochemistry, vitamin D metabolites and urinary fractional excretion 399 

data (mean values and 95% confidence intervals, change from baseline within diet p values 400 

reported) 401 

 Control Moderate High  
Mean 95% CI P Mean 95% CI P Mean 95% CI P 

Albumin (g/L)          

Baseline 30.43 28.13, 32.92  30.58 28.26, 33.09  31.05 28.70, 33.60  

Week 2 32.41 29.95, 35.06 0.573 31.14 28.74, 33.73 1.000 32.01 29.58, 34.63 0.999 

Week 4 31.90 29.48, 34.51 0.908 30.92 28.58, 33.45 1.000 32.08 29.65, 34.71 0.997 

Week 8 31.71 29.31, 34.31 0.968 31.43 29.05, 34.01 1.000 31.94 29.52, 34.56 1.000 

Week 12 31.05 28.70, 33.60 1.000 30.49 28.18, 32.99 1.000 31.00 28.66, 33.55 1.000 

Week 20 31.12 28.76, 33.67 1.000 33.62 31.07, 36.38 0.064 31.28 28.91, 33.84 1.000 

Week 28 31.35 28.98, 33.92 0.999 31.06 28.71, 33.61 1.000 31.44 29.05, 34.01 1.000 

Globulin (g/L) 
  

 
  

 
  

 

Baseline 37.64 34.28, 41.00  38.16 34.80, 41.52  36.20 32.84, 39.56  

Week 2 35.20 31.84, 38.56 0.032 34.87 31.50, 38.25 <0.001 34.20 30.84, 37.56 0.171 

Week 4 35.96 32.60, 39.32 0.417 34.96 31.60, 38.32 <0.001 35.24 31.88, 38.60 0.980 

Week 8 37.48 34.12, 40.84 1.000 36.96 33.60, 40.32 0.878 37.00 33.64, 40.36 0.997 

Week 12 38.56 35.20, 41.92 0.987 38.28 34.92, 41.64 1.000 38.32 34.96, 41.68 0.114 

Week 20 37.80 34.44, 41.16 1.000 38.88 35.52, 42.24 0.999 36.92 33.56, 40.28 0.999 

Week 28 38.20 34.84, 41.56 1.000 38.72 35.36, 42.08 1.000 38.04 34.68, 41.40 0.277 

SDMA (µg/dL) 
  

 
  

 
  

 

Baseline 11.24 9.78, 12.70  10.84 9.40, 12.28  11.16 9.72, 12.60  

Week 2 12.32 10.86, 13.78 0.433 12.46 11.00, 13.92 0.025 12.36 10.92, 13.80 0.250 

Week 4 11.53 10.06, 13.01 1.000 11.56 10.12, 13.00 0.917 12.04 10.60, 13.48 0.721 

Week 8 11.24 9.80, 12.68 1.000 12.32 10.88, 13.76 0.056 12.68 11.24, 14.12 0.044 

Week 12 11.40 9.96, 12.84 1.000 12.28 10.84, 13.72 0.072 12.48 11.04, 13.92 0.140 

Week 20 12.36a 10.90, 13.82 0.373 14.36b 12.92, 15.80 <0.001 14.16ab 12.72, 15.60 <0.001 

Week 28 13.41 11.95, 14.87 <0.001 14.20 12.74, 15.66 <0.001 14.80 13.36, 16.24 <0.001 

CaP (mmol2/L2) 
  

 
  

 
  

 

Baseline 3.22 2.94, 3.49  3.11 2.84, 3.38  2.96 2.69, 3.24  

Week 2 3.10 2.82, 3.37 0.973 2.85 2.58, 3.13 0.105 3.00 2.73, 3.28 1.000 

Week 4 3.19 2.92, 3.46 1.000 2.96 2.68, 3.23 0.816 3.11 2.83, 3.38 0.853 

Week 8 3.22 2.94, 3.49 1.000 3.02 2.75, 3.30 0.999 3.09 2.82, 3.37 0.938 

Week 12 3.09ab 2.82, 3.37 0.959 2.73a 2.46, 3.01 <0.001 3.00b 2.73, 3.28 1.000 

Week 20 3.26 2.99, 3.54 1.000 2.98 2.70, 3.25 0.925 3.21 2.93, 3.48 0.141 

Week 28 3.34ab 3.06, 3.61 0.964 3.06a 2.79, 3.34 1.000 3.34b 3.07, 3.61 <0.001 

 402 
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Table 3. Continued 404 

 Control 

 

Moderate 

 

High 

 
Mean 95% CI P Mean 95% CI P Mean 95% CI P 

Total 25(OH)D  

(nmol/l) 

         

Baseline 115.64 97.76, 133.52  126.60 108.79, 144.41  31.05 139.63  

Week 2 113.44 95.63, 131.25 1.000 120.58 102.62, 138.54 0.877 32.01 136.57 1.000 

Week 4 119.06 101.25, 136.87 1.000 126.13 108.32, 143.94 1.000 32.08 140.15 1.000 

Week 8 117.80 99.99, 135.61 1.000 130.16 112.35, 147.97 0.999 31.94 139.66 1.000 

Week 12 115.78 97.97, 133.59 1.000 123.89 106.08, 141.70 1.000 31.00 139.19 1.000 

Week 20 119.70 101.89, 137.51 0.996 125.17 107.36, 142.98 1.000 31.28 136.14 0.999 

Week 28 108.23 90.42, 126.04 0.603 119.93 102.12, 137.74 0.740 31.44 132.56 0.658 

Total 

24,25(OH)2D 

(nmol/l) 

  
 

  
 

  
 

Baseline 25.66 20.56, 30.77  28.13 23.04, 33.22  29.61 24.52, 34.70  

Week 2 22.61 17.52, 27.70 0.022 24.66 19.53, 29.78 0.005 26.45 21.36, 31.54 0.013 

Week 4 22.19 17.10, 27.28 0.004 24.81 19.72, 29.90 0.007 26.22 21.13, 31.31 0.005 

Week 8 19.82 14.73, 24.92 <0.001 23.81 18.72, 28.90 <0.001 23.04 17.94, 28.13 <0.001 

Week 12 18.55 13.46, 23.64 <0.001 22.61 17.52, 27.70 <0.001 22.90 17.81, 27.99 <0.001 

Week 20 17.29 12.20, 22.38 <0.001 22.29 17.20, 27.38 <0.001 22.85 17.76, 27.94 <0.001 

Week 28 18.01 12.92, 23.10 <0.001 23.87 18.78, 28.96 <0.001 24.82 19.72, 29.91 <0.001 

1,25(OH)2D 

(pmol/l) 

  
 

  
 

  
 

Baseline 43.46 35.90, 51.02  49.28 41.90, 56.65  44.90 37.53, 52.27  

Week 2 39.58 32.21, 46.95 0.911 52.38 44.82, 59.94 0.987 49.11 41.74, 56.48 0.825 

Week 4 41.74 34.28, 49.21 1.000 54.64 47.27, 62.01 0.487 51.74 44.36, 59.11 0.150 

Week 8 42.72 35.34, 50.09 1.000 57.88 50.51, 65.26 0.019 46.88 39.51, 54.25 1.000 

Week 12 45.84 38.46, 53.21 0.999 53.76 46.39, 61.14 0.751 45.82 38.44, 53.19 1.000 

Week 20 45.18 37.80, 52.55 1.000 52.15 44.78, 59.52 0.992 43.42 36.04, 50.79 1.000 

Week 28 45.63 38.26, 53.00 1.000 51.30 43.93, 58.67 1.000 39.69 32.32, 47.06 0.535 

FECa
* (%)          

Baseline 0.13 0.09, 0.16  0.13 0.10, 0.17  0.15 0.12, 0.19  

Week 27 0.10 0.07, 0.14 0.542 0.07 0.03, 0.11 0.002 0.07 0.04, 0.11 <0.001 

FEP
* (%)          

Baseline 18.09 15.65, 20.53  18.43 15.99, 20.87  19.34 16.90, 21.78  

Week 27 17.59a 15.15, 20.03 0.991 44.40b 41.96, 46.84 <0.001 31.75c 29.31, 34.19 <0.001 
*FECa, Fractional Excretion of Calcium, FEP, Fractional Excretion of Phosphorus 405 
a,b,c in a row denotes mean values with unlike superscript letters were significantly different (p≤0.05).
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Among the markers of bone turnover measured, blood ionised calcium (iCa) concentrations in 407 

cats fed the test diets were significantly increased from baseline levels at week 28 (p<0.001, 408 

Table 4). Bone alkaline phosphatase (BAP) concentrations were not significantly different 409 

between diet groups, but decreased from baseline over time for all diet groups (Table 4). This 410 

decrease was, however, observed earlier in cats fed the high test diet, which was significantly 411 

reduced from baseline from week 4 onward (p=0.028). At week 12, BAP concentrations for 412 

cats fed the moderate test diet were also significantly reduced compared to baseline (p<0.001), 413 

while for the control diet group a significant reduction was detected from week 20 (p<0.001). 414 

For serum cross-laps (CTx), no change from baseline was observed over the course of the study 415 

for the control diet group (Table 4.0). Cats fed test diets, however, showed a decrease in CTx 416 

concentrations over time (p≤0.006, Table 4). This decrease from baseline was significantly 417 

greater than the control group from week 12 for cats fed the high test diet and week 28 for the 418 

moderate test diet (p=0.03 and p<0.001, respectively). After the washout period cats fed control 419 

diet had significantly lower CTx than at week 28 (p<0.001). 420 

 421 
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Table 4. iCa and bone markers (mean values and 95% confidence intervals, change from 423 

baseline within diet p values reported) 424 

 Control Moderate High 
 

Mean 95% CI P Mean 95% CI P Mean 95% CI P 

Ionised calcium  

(mmol/l) 

         

Baseline 1.32 1.30, 1.34  1.30 1.28, 1.32  1.30 1.28, 1.32  

Week 2 1.31 1.29, 1.33 1.000 1.30 1.28, 1.32 1.000 1.29 1.27, 1.31 0.825 

Week 4 1.30 1.28, 1.32 0.305 1.30 1.28, 1.32 1.000 1.30 1.27, 1.32 1.000 

Week 8 1.31 1.29, 1.33 0.996 1.32 1.30, 1.34 0.516 1.30 1.28, 1.32 1.000 

Week 12 1.32 1.30, 1.34 1.000 1.32 1.30, 1.34 0.562 1.31 1.29, 1.33 0.745 

Week 20 1.31 1.30, 1.33 1.000 1.32 1.30, 1.34 0.117 1.31 1.29, 1.33 0.745 

Week 28 1.33 1.31, 1.35 0.745 1.33 1.31, 1.35 <0.001 1.34 1.32, 1.36 <0.001 

BAP (u/L) 
  

 
  

 
  

 

Baseline 11.95 9.91, 14.00  12.55 10.50, 14.59  11.77 9.73, 13.82  

Week 2 11.73 9.67, 13.79 1.000 10.99 8.91, 13.07 0.215 10.76 8.72, 12.81 0.814 

Week 4 11.18 9.13, 13.22 0.973 10.80 8.74, 12.87 0.092 9.81 7.77, 11.86 0.028 

Week 8 10.86 8.82, 12.91 0.715 11.95 9.91, 14.00 0.998 9.49 7.45, 11.54 0.004 

Week 12 10.66 8.62, 12.71 0.460 9.87 7.82, 11.91 <0.001 8.75 6.69, 10.81 <0.001 

Week 20 9.07 7.02, 11.11 <0.001 8.99 6.95, 11.04 <0.001 7.58 5.53, 9.62 <0.001 

Week 28 8.88 6.81, 10.94 <0.001 8.16 6.11, 10.20 <0.001 6.99 4.95, 9.04 <0.001 

CTx (ng/ml) 
  

 
  

 
  

 

Baseline 0.57 0.43, 0.74  0.57 0.44, 0.74  0.56 0.43, 0.73  

Week 2 0.63 0.48, 0.82 0.953 0.59 0.45, 0.77 1.000 0.57 0.44, 0.75 1.000 

Week 4 0.54 0.41, 0.70 1.000 0.48 0.37, 0.63 0.420 0.42 0.32, 0.55 0.006 

Week 8 0.47 0.36, 0.61 0.209 0.40 0.31, 0.53 <0.001 0.35 0.27, 0.46 <0.001 

Week 12 0.48a 0.37, 0.63 0.380 0.41ab 0.32, 0.54 <0.001 0.33b 0.25, 0.43 <0.001 

Week 20 0.57a 0.44, 0.74 1.000 0.42ab 0.32, 0.55 0.001 0.34b 0.26, 0.44 <0.001 

Week 28 0.58a 0.44, 0.75 1.000 0.38b 0.29, 0.49 <0.001 0.32b 0.25, 0.42 <0.001 
a,b in a row denotes mean values with unlike superscript letters were significantly different (p<0.05). 425 

.  426 
  427 
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Haematology 428 

Haematology analysis was carried out as a measure of health, those parameters affected by diet 429 

are reported in Table 5. Mean corpuscular haemoglobin (MCH), mean corpuscular volume 430 

(MCV) and reticulocyte haemoglobin reduced significantly over the course of the study for all 431 

diet groups, whilst staying within IDEXX laboratory reference ranges (p<0.001). At weeks 12 432 

and 28, cats fed the moderate and high test diets were observed to have significantly decreased 433 

MCH, compared to the control diet group, (p=0.04 and p=0.01 respectively). MCV for cats fed 434 

test diets was also observed to have reduced significantly more than the control diet group at 435 

week 12 (moderate test diet p=0.002, high test diet p=0.024) and this remained significantly 436 

lower than the control group at week 20 in cats fed the high test diet (p=0.04). MCH and MCV 437 

were also found to significantly decrease between screening and washout periods for all diet 438 

groups (p<0.001). Compared to cats fed control diet, the MCH of cats fed the moderate test 439 

diet was significantly decreased (p=0.023) and the MCV of cats fed the high test diet was 440 

significantly decreased (p=0.029) following the washout period. The concentration of 441 

reticulocyte haemoglobin in cats fed the moderate test diet was significantly reduced compared 442 

to the control diet group from week 12 onwards (p≤0.042).  443 

 444 

Urinalysis 445 

To assess the general health of the kidneys and urinary tract, urinalysis was performed 446 

throughout the study. Urine pH increased in cats fed the moderate (p≤0.02) and high test diets 447 

(p<0.001), compared to baseline, from weeks 8 and 2 respectively (Figure 6a). This measure 448 

was also significantly increased for cats fed the high test diet, compared to cats fed control diet, 449 

at week 2 (p=0.017) and from week 12 onwards (p≤0.012). Urine pH in cats fed the moderate 450 

test diet was significantly higher than in the control group only at week 12 (p=0.045). Urine 451 

specific gravity was observed to significantly increase in cats fed the moderate test diet from 452 

weeks 4 to 20 (p≤0.07). In cats fed the high test diet, urine specific gravity was observed to be 453 

increased between weeks 4 and 12 (p≤0.016) before returning to baseline levels at week 20 454 

(Figure 6b). Despite oscillations over the study, urine protein:creatinine ratio (UPCR) was 455 

reduced compared to baseline in all cats regardless of diet group (control diet, week 27 456 

p=0.002; moderate test diet, week 12 p=0.015; and high test diet, week 20 p=0.014; Figure 6c). 457 

No significant effect of time or diet on the urine albumin:creatinine ratio (uACR) was observed 458 

(Figure 6d).  459 
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Table 5. Selected haematology (mean values and 95% confidence intervals change from 460 

baseline within diet p values reported) 461 

 Control Moderate High 
 

Mean 95% CI P Mean 95% CI P Mean 95% CI P 

Mean Corpuscular 

Haemoglobin (pg) 

         

Baseline 14.96 14.44, 15.48  15.01 14.49, 15.52  15.01 14.50, 15.53  

Week 2 14.83 14.31, 15.34 0.999 14.95 14.43, 15.47 1.000 14.93 14.41, 15.45 1.000 

Week 4 14.72 14.20, 15.24 0.748 14.61 14.09, 15.12 0.074 14.55 14.03, 15.06 0.016 

Week 8 14.36 13.85, 14.88 <0.001 13.97 13.46, 14.49 <0.001 14.00 13.48, 14.52 <0.001 

Week 12 14.00a 13.49, 14.52 <0.001 13.52ab 13.00, 14.03 <0.001 13.45b 12.93, 13.96 <0.001 

Week 20 14.01 13.49, 14.52 <0.001 13.48 12.96, 14.00 <0.001 13.50 12.98, 14.02 <0.001 

Week 28 13.72a 13.21, 14.24 <0.001 13.11b 12.60, 13.63 <0.001 13.23ab 12.71, 13.74 <0.001 

Mean Corpuscular 

Volume (fl)          

Baseline 44.79 42.72, 46.86  44.88 42.81, 46.95  44.40 42.33, 46.48  

Week 2 45.04 42.96, 47.11 1.000 45.24 43.16, 47.32 1.000 44.67 42.59, 46.75 1.000 

Week 4 44.80 42.72, 46.88 1.000 44.21 42.14, 46.28 0.903 43.96 41.89, 46.04 0.998 

Week 8 43.96 41.89, 46.03 0.659 42.49 40.42, 44.56 <0.001 41.94 39.86, 44.01 <0.001 

Week 12 43.24a 41.17, 45.31 0.010 40.86b 38.79, 42.93 <0.001 40.81b 38.74, 42.88 <0.001 

Week 20 42.14a 40.06, 44.21 <0.001 40.37 38.30, 42.44 <0.001 39.81b 37.74, 41.88 <0.001 

Week 28 41.22 39.15, 43.29 <0.001 39.60 37.52, 41.67 <0.001 39.80 37.72, 41.87 <0.001 

Reticulocyte 

Haemoglobin (pg)          

Baseline 16.21 15.51, 16.90  16.83 16.13, 17.52  16.44 15.74, 17.14  

Week 2 16.27 15.57, 16.96 1.000 16.33 15.63, 17.04 0.525 16.04 15.34, 16.75 0.829 

Week 4 15.93 15.22, 16.63 0.990 15.82 15.13, 16.52 <0.001 15.91 15.21, 16.60 0.387 

Week 8 15.66 14.96, 16.35 0.330 15.62 14.92, 16.31 <0.001 15.16 14.46, 15.86 <0.001 

Week 12 15.52a 14.83, 16.22 0.088 15.00b 14.30, 15.70 <0.001 15.06ab 14.36, 15.76 <0.001 

Week 20 15.34a 14.64, 16.04 0.007 14.91b 14.21, 15.60 <0.001 14.75ab 14.05, 15.44 <0.001 

Week 28 15.09a 14.40, 15.79 <0.001 14.63b 13.93, 15.32 <0.001 14.93ab 14.24, 15.63 <0.001 
a,b in a row denotes mean values with unlike superscript letters were significantly different (p<0.05). 462 
 463 
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Figure 6. Mean values and 95% upper and lower confidence intervals for urine parameters at baseline (week 

0) and during the course of 27 weeks for a) pH, b) urine specific gravity, c) protein:creatinine ratio (UPCR), 

and d) microalbumin:creatinine ratio (uACR) for cats fed diets ● Control (1.4g total P, Ca:P = 0.96), ▲ 

Moderate (4g total P, 1g P from STPP, Ca:P = 1), and ■ High (5g total P, 1g P from STPP, Ca:P = 1.3) diets. 

All graphs show baseline and week 27 and are shown by dietary group. * signifies that the change from baseline 

in that test diet is significantly different from the change from baseline in the control diet, whilst a marker 

change from an “open” to a “filled” symbol denotes a significant difference from baseline within diet group.  

Dotted lines across UACR graph indicate the upper physiological reference range 

 465 

Abdominal ultrasound and DXA 466 

In order to assess soft tissue and skeletal mineralisation, imaging via DXA and ultrasound was 467 

performed. No changes in mineralisation were observed during DXA scans at baseline or week 468 

28 and no difference in bone mineral density (BMD) were detected following 28 weeks of 469 

feeding the experimental diets (Figure 7). 470 
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Figure 7. Mean values and 95% upper and lower confidence intervals for Bone Mineral Density (BMD; in 

g/cm2) as assessed by DXA at baseline (week 0) and week 28 for cats fed diets ● Control (1.4g total P, Ca:P = 

0.96), ▲ Moderate (4g total P, 1g P from STPP, Ca:P = 1), and ■ High (5g total P, 1g P from STPP, Ca:P = 

1.3) diets. All graphs show baseline and week 27 and are shown by dietary group. * signifies that the change 

from baseline in that test diet is significantly different from the change from baseline in the control diet, whilst 

a marker change from an “open” to a “filled” symbol denotes a significant difference from baseline within diet 

group. 

 471 

No changes in kidney size, shape or soft tissue structure indicative of pathology were observed 472 

by renal sonography. At the end of the 30 week study, one cat from the moderate test diet group 473 

was reported by the primary imager to have partial (or non-continuous) rim signs that were not 474 

present at baseline, indicating presence of some echogenicity of the thin medullary band 475 

parallel to the corticomedullary junction where the proximal renal tubules reside. Several 476 

additional findings were noted in both the first and second opinions, and therefore a frequency 477 

analysis was performed (Table 6). This showed that the incidence of rim signs and bright 478 

(hyperechoic) renal cortices did not differ between diets (p>0.88). However, it was noted that 479 

these findings increased as time progressed in all diet groups. There was also one instance of 480 

“speckling” and one cat developed renal “cysts”, but as these were isolated observations, no 481 

statistical analyses could be performed.  482 

 483 

Table 6. Number of cats showing findings in their ultrasound data by diet group and time point. 484 

There were 25 cats in each diet group. 485 
 

Control Moderate High   
Base-

line Mid Final 

Base-

line Mid Final 

Base-

line Mid Final P 

rim signs 0 0 2 2 4 7 1 2 3 0.89 

Bright cortices 13 11 14 8 7 10 7 11 12 0.88 

Speckling 0 0 0 0 0 1 0 0 0 N/A 

Cysts 0 0 1 0 0 0 0 0 0 N/A 
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Discussion  487 

This 30-week feeding study in healthy adult cats was initiated to investigate the safety of 488 

phosphorus-rich, dry extruded diets containing 1.0g/1000kcal of a soluble P salt. Results 489 

indicate that the diets with total P levels of 4.0 and 5.0g/1000kcal, of which STPP provided 490 

1.0g/1000kcal, and Ca:P ratios of 1.0 and 1.3, respectively, did not cause adverse health effects. 491 

Ultrasound and DXA scans did not reveal adverse structural changes in renal or skeletal tissue. 492 

Blood and urinary markers of general health, renal function and bone metabolism remained 493 

within physiological reference ranges. Findings from the 4-week washout period indicate that 494 

the increased serum creatinine and urea values in cats fed the test diets were adaptations to 495 

dietary factors, including but not limited to P levels, rather than indications of kidney damage. 496 

Differences between diet groups in mineral status and regulators of Ca and P metabolism were 497 

detected. However, the absence of adverse health effects suggest that these regulatory 498 

mechanisms were operating within physiological boundaries, and adaptation to the added Ca 499 

and P load was apparently successful following 30 weeks of exposure. Therefore, this is the 500 

first chronic feeding study to demonstrate a no observed adverse effect level (NOAEL) for a 501 

soluble P salt in complete and balanced, dry feline diets; specifically STPP providing 502 

1.0g/1000kcal P in diets containing up to 5.0g/1000kcal total P (with Ca:P 1.0 or 1.3) for a 30-503 

week feeding period in healthy, adult cats. 504 

 505 

Measures of kidney and bone function and health 506 

No significant structural changes or renoliths were observed in the kidneys on ultrasound 507 

imaging after 30 weeks of feeding STPP at this dietary concentration. Although medullary rim 508 

signs were observed in some cats over the length of the study, frequency analysis suggested 509 

that these were not diet-related. The observed increase in albumin in the urine in association 510 

with renal structural changes reported in previous studies (2) were absent here. Nevertheless, 511 

feeding the moderate test diet was associated with increased plasma FGF-23 and reduced 512 

fasting plasma phosphate concentrations.  513 

 514 

While remaining well within physiological reference ranges, creatinine and urea values 515 

increased in the cats fed the P-rich test diets. Although increasing levels of these parameters 516 

are considered risk factors for developing CKD, other parameters did not indicate cause for 517 

concern: GFR and SDMA (an indirect marker of GFR), did not differ between diet groups. The 518 

cats fed the P rich diets continued to concentrate their urine well, as indicated by the higher 519 

USG values compared to control, and UPCR and UACR were reduced or unchanged indicative 520 
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of an absence of glomerular disease. Furthermore, comparison of blood and urine values 521 

between the screening, test and washout periods indicate that some of the differences detected 522 

between experimental groups during the test period were likely caused by diet formulation 523 

differences rather than effects of dietary P levels on kidney function or health. For example, 524 

the lower protein level (above AAFCO minimum of 26g/100g dry matter) in the control diet 525 

compared to the (wet format) screening and test diets (Table 1) may explain the reduced serum 526 

creatinine and urea levels at baseline and the subsequent increases, particularly in urea, in cats 527 

transitioned onto the test diets with higher protein (24). Likewise, the higher serum creatinine 528 

and urea concentrations observed in test diet fed cats decreased following the 4 week washout 529 

period to levels lower or similar to those observed during screening. This may indicate that 530 

changes induced by the P-rich test diets were transient and not indicative of impaired kidney 531 

function or health. 532 

 533 

Data reported in older cats (mean age 10.1 years) in a 2-year study (25), focussed on the effect 534 

of sodium content, may provide support for the longer term safety of the P-rich test diets in the 535 

current study beyond 7 months. The diets fed by Reynolds et. al. in this study contained lower 536 

total P and Ca:P, with a mean of 2.3g/1000kcal and Ca:P of 0.8, but were similar to the 537 

moderate test diet in inorganic soluble P salt contribution (1g/1000kcal; Vincent Biourge, 538 

personal communication). During this 2 year study, no detrimental effects on GFR or structural 539 

changes in the kidneys as assessed by ultrasound, or albuminuria were observed. However, 540 

Reynolds et al (25) did not report a decrease in serum P concentrations, possibly due to the lower 541 

total total P content of the diets and due to the lack of FGF-23 data it is not possible to fully 542 

compare the studies to predict safety beyond 30 weeks. 543 

 544 

In the current study, DXA scans did not reveal skeletal changes at baseline or after 30 weeks 545 

of feeding the test diets, nor did BMD and BAP values differ between diet groups. The serum 546 

CTx concentration suggested that bone mineral resorption was reduced in cats fed the Ca and 547 

P-rich test diets. Despite no changes detected with DXA scans in control group cats, CTx values 548 

indicated that mineral resorption may be occurring, but was reduced following the washout 549 

period. The control diet was lower in Ca, P, Ca:P as well as protein than the other two test diets 550 

(Table 1), which may have induced an increase in bone turnover although no changes in BMD 551 

were detected. Yamka et. al. (26) showed that increasing dietary crude protein, calcium and Ca:P 552 

content (along with increases in eicosapentaenoic, docosahexaenoic and n-3 fatty acids) 553 

reduced CTx in healthy geriatric cats, corroborating findings from the high test diet group, 554 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 1, 2020. ; https://doi.org/10.1101/2020.09.01.276907doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.01.276907
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

containing the highest protein, Ca and Ca:P ratios of the three experimental diets, had the 555 

lowest CTx levels after week 12 of the study. 556 

 557 

Mineral metabolism and regulatory mechanisms 558 

In response to increased total and highly soluble P salt inclusion in the test diets, cats increased 559 

P excretion in the urine, as well as the faeces, the latter leading to the reduced apparent P 560 

digestibility. However, as the balance data suggest, the digestibility was not low enough to 561 

fully compensate for the increased P intake ‒ between 2 and 3-fold higher, respectively, in test 562 

compared to control group cats. Total P levels in the test diets dose-dependently increased the 563 

positive Ca and P balance in the cats, which differed from findings in the previous studies 564 

conducted by our group (2). A test diet containing 3.6g/1000kcal from SDHP (4.8g/1000kcal 565 

total P, Ca:P 0.59) resulted in no change in P but a negative Ca balance following 4 weeks of 566 

feeding. Decreasing SDHP to 1.5g/1000kcal (3.6g/1000kcal total P, Ca:P 0.93) and feeding for 567 

28 weeks caused a more marked increase in P balance compared that reported here, while no 568 

change in Ca balance data was observed (2). These differences between studies appear to be 569 

largely driven by the reduction of Ca excreted via the urine in the current study, which was not 570 

observed previously. Interestingly, baseline balance values in all three of these studies were 571 

positive, supporting the hypothesis that cats tend to have a positive Ca and P balance, even 572 

when Ca and P levels in the diet are relatively low, as reported previously (2; 5; 27). Mineral 573 

balance is difficult to perform and methodologies used can affect the variation in the results, 574 

here overnight losses in urinary volume as noted previously by Hendriks et al (28) cannot be 575 

accounted for as we did not employ radiolabelling methods.. There is also analytical variability 576 

in measurement of minerals in the laboratory which may hinder the ability to measure balance 577 

with 100% certainty. However, focussing on the positive balances observed for the cats fed the 578 

tests diets, detailed insights into regulatory mechanisms and impact on long term health 579 

following continuous positive Ca and P burden in cats fed mineral-rich test diets is not fully 580 

understood.  581 

 582 

To understand the risk of developing soft tissue mineralisation, renoliths or uroliths the CaP 583 

product was calculated.  In all cats’ CaP product increased during the current study with no 584 

adverse effects detected on kidney or bone scans. However, it is important to note that all CaP 585 

product values in all diet groups (Table 3) were below the threshold level of 5.6mmol2/l2 586 

(70mg2/dl2) at which soft tissue mineralisation has been reported to occur (29; 30), helping to 587 

explain the absence of any findings. RSS data suggest that the test group cats may have had a 588 
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higher risk of struvite (MAP) urolith formation, (31; 32; 33). However, there was no evidence of 589 

stone formation in any cats fed the test diets. This is in contrast to data from Alexander et al. 590 

(2), where no sustained increase in struvite RSS was determined but urolith and renoliths were 591 

observed.  592 

 593 

The increased phosphorus excretion in faeces and urine in cats fed the test diets indicated 594 

homeostatic mechanisms were functioning to enable serum P to be kept relatively stable. While 595 

both test diets resulted in an absence of adverse structural or functional effects on the kidney 596 

following 30 weeks of feeding, intake of the moderate test diet with the lower Ca:P ratio of 1 597 

resulted in reduced fasting plasma phosphate and elevated FGF-23. At week 8 of the study 598 

elevation in calcitriol (1,25(OH)2D) levels in cats fed the moderate test diet was also observed, 599 

possibly as a result of the increased FGF-23 (34), however vitamin D metabolite levels did not 600 

otherwise differ between diet groups. These observations may suggest that the moderate P diet 601 

activated regulatory mechanisms not required by cats exposed to the high test diet due to its 602 

higher Ca:P of 1.3 . The small, but significant increases in fasted FGF-23 observed here, cannot 603 

be excluded as possible risk factors for the longer term development of renoliths and structural 604 

changes, as observed previously (2). However, Alexander et al. observed a concurrent increase 605 

in PTH, which did not occur in the current study. Both increased PTH and FGF-23 were 606 

suggested to contribute to reduced reabsorption of phosphate in the kidney’s proximal tubules, 607 

which would explain the increased urinary and fractional P excretion and lower serum P levels, 608 

all observed in the current study. This would largely corroborate the current understanding of 609 

regulatory mechanisms involved in P homeostasis (35). PTH responses in cats do appear to be 610 

more rapid than FGF-23, as indicated by post-prandial profiles observed following acute 611 

feeding studies (7), and the PTH measured in fasted blood samples may not indicate those 612 

present during the first hours after each meal. Although not measured at screening, 613 

interestingly, plasma PTH increased while FGF-23 values did not change between week 28 614 

and the washout period. However other regulatory proteins not measured during this study, 615 

such as klotho could influence homeostasis and, as not well understood in cats, merit further 616 

investigation. 617 

 618 

Calcium and iCa concentrations in blood increased over the course of the study, but did not 619 

differ significantly between control or test diets. Feeding the control diet prior to baseline 620 

sampling decreased total serum Ca significantly compared to screening values (by ~ 621 

0.2mmol.L), it is not known whether there was a concomitant decrease in iCa as it was not 622 
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measured at screening. However, all diet groups subsequently increased in iCa concentration 623 

during the test period before returning to screening levels. Time-dependent changes in diets 624 

(such as water loss etc) or seasonal variability cannot be excluded as factors influencing trends 625 

observed across all diet groups.  626 

 627 

1. Conclusion 628 

The data provide evidence that dry format diets, tested in healthy adult cats, containing 629 

1.0g/1000kcal (4184kJ) P in the form of the soluble salt STPP caused no observable adverse 630 

effects when fed for 30 weeks. This was true for both test diets formulated for this study, total 631 

P of 4.0 and 5.0g/1000kcal (4184kJ) and Ca:P of 1.0 and 1.3 respectively, additionally 632 

providing evidence for NOAEL of a higher inclusion of P from organic sources with an 633 

increased Ca:P. Ultrasound and DXA scans did not reveal signs of adverse structural changes 634 

in renal or skeletal tissue. Markers of renal function, general and skeletal health, remained 635 

within physiological reference ranges. Any differences observed between diet groups were 636 

considered regulatory responses to maintain mineral homeostasis or adaptations to dietary 637 

factors other than P levels. These findings will assist the pet food industry, regulators and 638 

professional bodies in developing guidance on safe maximum dietary levels of P for healthy 639 

adult cats.  640 
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Supplementary Table – Washout and/or Screening data for tabulated measures found within 737 

the main body of the manuscript (mean values and 95% confidence intervals, between diet p 738 

values reported) 739 

 Control Moderate High  

 Mean 95% CI Mean 95% CI Mean 95% CI P 

Albumin (g/L)       

Screening 33.24 31.81, 34.67 31.68 30.25, 33.10 33.12 31.69, 34.55 NS 

Washout 31.80 30.37, 33.23 30.56 29.13, 31.99 30.76 29.33, 32.19 NS 

Globulin (g/L)       

Screening 39.04 36.45, 41.63 39.04 36.45, 41.63 39.24 36.65, 41.83 NS 

Washout 38.32 35.73, 40.91 39.56 36.97, 42.15 38.76 36.17, 41.35 NS 

SDMA (µg/dL)       

Washout 11.00 9.80, 12.20 12.10 10.90, 13.30 12.00 10.80, 13.20 NS 

CaP (mmol2/L2)       

Screening 2.97 2.70, 3.24 2.84 2.57, 3.11 2.96 2.69, 3.23 NS 

Washout 3.86 3.59, 4.13 3.85 3.58, 4.12 3.79 3.52, 4.06 NS 

Total 25(OH)D 

(nmol/l)       

Washout 104.16 90.05, 118.28 104.87 90.76, 118.98 109.95 95.84, 124.06 NS 

Total 24,25(OH)2D 

(nmol/l)       

Washout 20.32 15.47, 25.16 24.06 19.21, 28.90 24.90 20.05, 29.74 NS 

1,25(OH)2D (pmol/l)       

Washout 35.28 29.43, 41.13 36.34 30.61, 42.08 32.47 26.62, 38.33 NS 

Ionised calcium 

(mmol/L)       

Washout 1.35 1.33, 1.38 1.33 1.31, 1.36 1.33 1.31, 1.36 NS 

BAP (u/L)        

Washout 9.48 8.16, 10.79 8.55 7.24, 9.87 7.74 6.43, 9.06 NS 

CTx (ng/ml)       

Washout 0.37 0.29, 0.48 0.37 0.29, 0.47 0.34 0.27, 0.44 NS 

Mean Corpuscular 

Haemaglobin (pg)       

Screening 14.82 14.36, 15.29 15.00 14.53, 15.46 14.91 14.45, 15.38 NS 

Washout 13.32 12.85, 13.78 13.05 12.59, 13.52 13.10 12.65, 13.57 NS 

Mean Corpuscular 

Volume (fl)       

Screening 43.91 42.41, 45.41 44.02 42.52, 45.52 44.48 42.98, 45.98 NS 

Washout 40.64 39.14, 42.14 40.19 38.69, 41.69 39.89 38.39, 41.39 NS 

Reticulocyte 

Haemoglobin (pg)       

Washout 14.52 14.05, 14.99 14.43 13.97, 14.89 14.59 14.12, 15.06 NS 

NS, non significant p value >0.05 740 
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