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Abstract

Background: Dietary protein and phosphorus (P) restriction is the mainstay for nutri-

tional management of chronic kidney disease (CKD). However, adequate restriction

levels for cats with early CKD remain unclear.

Objectives: To investigate responses in cats with early CKD to varying dietary

protein, P, and calcium (Ca) : P ratio.

Animals: Nineteen research colony cats with International Renal Interest Society

stages 1-2 CKD.

Methods: In an opportunistic longitudinal case study, cats were fed a low protein

(59 g/Mcal), low P (0.84 g/Mcal) dry diet (LP-LP; Ca : P = 1.9) for 18 months and later

transitioned onto a moderate protein (76-98 g/Mcal), moderate P (1.4-1.6 g/Mcal)

dry-wet diet regimen (MP-MP; Ca : P = 1.4-1.6) for 22 months. Fold-changes in

serum creatinine, total Ca (tCa) and P (primary outcomes) and fibroblast growth factor

23 (FGF23) were assessed by linear-mixed models.

Results: While feeding LP-LP, mean serum creatinine decreased (0.87-fold, 95% con-

fidence interval [CI] 0.81, 0.93, P < .001) to within reference range after 6 months,

while increases in total Ca (tCa; 1.16-fold, 95% CI 1.11, 1.22, P < .001) and FGF23

(2.72-fold, 95% CI 1.72, 4.31, P < .001), but not in P (1.03-fold, 95% CI 0.945, 1.124,

P = .94), were observed after 17 months. On MP-MP, mean creatinine, tCa and P
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remained within reference ranges and did not significantly change (P = .11, P = .98,

and P = 1, respectively), while FGF23 significantly decreased (0.58-fold, 95% CI 0.36,

0.95, P = .02) after 22 months.

Conclusions and Clinical Importance: Cats with early CKD developed hypercalcemia

after long-term feeding of a highly P-restricted diet. Increasing dietary P and reducing

Ca : P ratio maintained renal markers, while improving Ca-P balance. Cats with early

CKD could benefit from moderately protein- and P-restricted diets.

K E YWORD S

feline CKD, FGF23, hypercalcemia, IRIS 1-2, phosphate

1 | INTRODUCTION

Chronic kidney disease (CKD) is a common clinical condition in cats

characterized by increased phosphorus (P) retention and protein

catabolites. This can result in malaise, hypertension, anemia, and

shortened life expectancy. The introduction of new diagnostic/

screening approaches (eg, RenalTech, RenalDetect, Antech SDMA

[www.antechdiagnostics.com/renaltech])1 has increased the ability

to detect early CKD and improve the prognosis and welfare of cats

by enabling measures to slow disease progression. The prevalence

of International Renal Interest Society (IRIS) stages 1 (nonazotemic)

and 2 CKD in the general cat population is 38% to 41% in cats up

to 10 years, reaching 71% in cats >15 years.2 Longitudinal studies

evaluating healthy (nonazotemic) cats >9 years3,4 over a 1-year

period indicate that 15% to 30% of cats had renal impairment

before development of azotemic CKD. During early CKD, impaired

function is compensated for by increased glomerular pressure

and filtration rate (GFR) via activation of the renin-angiotensin-

aldosterone system,5 while calcium (Ca) and P balance is

maintained through the stimulation of regulatory hormones fibro-

blast growth factor 23 (FGF23) and parathyroid hormone (PTH).6-8

However, over the long term, these compensatory mechanisms

might become mal-adaptive, contributing to progressive renal dam-

age in cats5 and cardiovascular disease in humans.9 Mineral disor-

ders associated with CKD include both hypocalcemia, because of

decreased renal synthesis of calcitriol, and hypercalcemia.10 Total

hypercalcemia occurs in up to 32% of cats with CKD10,11 and is

related to decreased GFR and increased tubular reabsorption in

response to PTH, FGF23, calcitonin, and calcitriol in humans.12 Idio-

pathic hypercalcemia occurs in healthy cats from 2 to 13 years (mean

6 years)13 affecting 12.6% of cats diagnosed with ionized hypercalce-

mia.14 In older cats (median 14 years) followed up over a 1-year

period there is a higher incidence rate of total hypercalcemia in cats

with CKD compared with age-matched apparently healthy cats (0.18

vs 0.03 per patient-year).11

Nutritional management of CKD relies on P and protein restric-

tion in the azotemic stages of the disease.15 Clinical renal diets for

azotemic cats are effective in reducing the frequency of uremic

crises,16,17 reducing plasma FGF23, P, and PTH,18 and increasing sur-

vival time.19 However, the long-term feeding effects of highly-

restricted protein and P renal diets on mineral homeostasis and renal

function in early CKD remains uncertain. In azotemic cats (IRIS 2 and

3),20 feeding a low P diet below the minimum of 1.25 g/Mcal

established by the Association of American Feed Control Officials

(AAFCO)21 and containing high Ca : P ratios has been associated with

development of total and ionized hypercalcemia in 13% of cats after

3 to 5 months. An improved understanding of Ca and P regulation

across CKD stages could help refine dietary management of the con-

dition at early stages.

After a previous study,6 an opportunity presented itself to

assess the long-term effects of feeding 2 clinical diets varying in

dietary protein, P, Ca, and Ca : P ratio on total Ca, P, and FGF23 in

cats with IRIS stage 1 and 2 CKD as a longitudinal case study. The

aim of this study was to present the effects of these 2 diets on

CKD progression and biochemical markers of renal function and

Ca-P balance.

2 | MATERIALS AND METHODS

This work was overseen and approved by the WALTHAM Animal

Welfare and Ethical Review Body (Project Portfolio Management

No. 55429) and conducted under the authority of the Animals

(Scientific Procedures) Act 1986.

2.1 | Cats

Nineteen domestic short-haired neutered cats (9 males; 10 females)

with a median age of 4.9 years (2.4-9.8) were enrolled. Impaired renal

function, characterized by altered renal ultrasonographic imaging (all

cats) and >25% decrease in GFR (10/19) was observed after participa-

tion in another study investigating dietary P in healthy cats. Feeding

an experimental diet containing 4.8 gP/Mcal (3.6 g/Mcal as inorganic

P [iP] from sodium dihydrogen phosphate) and Ca : P = 0.6 for

4 weeks6 caused changes consistent with CKD as confirmed by serum

creatinine >1.6 mg/dL alongside (a) urine specific gravity (USG)

<1.035 (10/19), (b) urine albumin to creatinine ratio (UAC) >17 mg/g,

corresponding to urine protein to creatinine ratio (UPC) of 0.2-0.422

(6/19), or (c) >40% decline in GFR (2/19). In 1 cat with serum
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creatinine <1.6 mg/dL renal proteinuria (UAC = 42 mg/g;

corresponding to UPC of 0.4-0.5) supported renal damage. Following

diagnosis, cats were transitioned onto an experimental low protein

(68 g/Mcal) dry diet with P and Ca <1.25 and <1.5 g/Mcal, respec-

tively (prefeed diet; Table 1) for 5 months to allow clinical stabiliza-

tion. International Renal Interest Society stage CKD was assessed

based on serum creatinine and symmetric dimethylarginine (SDMA)

measured after 2 and 3 months on the prefeed diet and substaged

by proteinuria, systolic blood pressure, and renal ultrasonographic

changes measured after 3 months (Table 2). Except for 1 cat with

IRIS 1 CKD, the remaining 18 cats had IRIS 2 CKD (mean creatinine

of 2.0 [1.6-2.4] mg/dL and SDMA of 14.2 [9.5-20.5] μg/dL), 2 of

them diagnosed with renoliths. Cats were group housed, except dur-

ing feeding or urine collection periods, during which they were indi-

vidually housed in multilevel lodges (2 m high � 0.9 m wide

� 1.8 m deep).

2.2 | Study design

After the prefeed period, cats were clinically monitored over a

43-month opportunistic longitudinal case study. Two dietary interven-

tions were made in response to changes in clinical variables with a

view to maintain their health. Routine hematology, biochemistry, uri-

nalysis, and serial (n = 5) arterial blood pressure measurements along

with GFR and Ca-P regulatory hormones (PTH, FGF23, and vitamin D)

were assessed regularly within each dietary intervention (Figure 1).

Kidney ultrasonographic imaging and occurrence of urolithiasis/

renoliths was assessed once a year. Urine relative super saturation

(RSS) for calcium oxalate (CaOx) and magnesium ammonium phos-

phate (MAP) was determined at study start and end and monitored

throughout the study in the 2 cats with renoliths. International Renal

Interest Society stage of CKD was reassessed at the end of each die-

tary intervention. Body weight (BW) was measured weekly and body

condition score (BCS) monthly from month 6 onwards by a 1 to

9 point algorithm.23 Cats received a veterinary health check at least

once every 6 months and were observed daily by experienced animal

technicians.

2.3 | Dietary interventions

Dietary nutrient compositions are shown in Table 1. The protein and

P contents of the diets were above the recommended allowance

established by the National Research Council for adult cats

(50 gprotein/Mcal and 0.64 gP/Mcal).24 During the first intervention

TABLE 1 Nutrient composition of the prefeed and 2 commercial clinical renal diets containing low protein low phosphorus (LP-LP) and
moderate protein moderate phosphorus (MP-MP)

Prefeed Commercial LP-LP Commercial MP-MP

Dry
Drya

Wetb
Dryc Wetd

Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2

Nutrients, per Mcal

Moisture, g 12.5 14.1 10.4 725 14.7 17.1 919 828

Protein, g 68.1 59.7 58.3 68.9 78 73 101 94.2

Fat, g 39.3 42.7 43.9 66.1 35.3 36.6 48.4 51.9

Crude fiber, g 5.5 10.9 10.7 8.36 12.9 12.1 15 15.9

Calcium (Ca), g 1.33 1.68 1.56 1.26 2.09 2.36 2.12 2.25

Phosphorus (P), g 1.23 0.96 0.72 0.81 1.35 1.45 1.6 1.59

Inorganic Pe, g 0.06 0.32 0.32 0.25 0.48 0.48 0.17 0.17

Ca : P ratio 1.08 1.74 2.15 1.57 1.55 1.63 1.32 1.42

Na, g 3.11 1.02 0.99 0.93 1.05 1.12 1.2 1.15

Mg, mg 400 178 182 100 169 223 164 162

Vitamin D3, IU 254 277 275 389 214 235 474 541

PME, kcal/100 g as fed 399 394 403 104 380 380 86.8 94.5

Abbreviation: PME, predicted metabolizable energy by NRC (2006) equation based on proximate analysis and modified Atwater factors.
aMaize flour, rice, animal fats, wheat gluten, soya protein isolate, vegetable fibers, maize, maize gluten, hydrolyzed animal proteins, minerals, chicory pulp,

dehydrated poultry protein, fish oil, soya oil, fructo-oligo-saccharides, psyllium husks and seeds, marigold extract (source of lutein). Technological additives:

10 g/kg of Clinoptilolite of sediment origin.
bGuaranteed nutrient analysis of Royal Canin Veterinary Feline Renal wet recipe.
cMaize, wheat gluten, maize flour, dehydrated poultry protein, wheat, maize gluten, animal fats, rice, vegetable fibers, hydrolyzed animal proteins, chicory

pulp, fish oil, soya oil, minerals, tomato, psyllium husks and seeds, fructo-oligo-saccharides, New Zealand green-lipped mussel extract (0.3%), hydrolyzed

yeast, hydrolyzed crustaceans, borage oil, marigold extract, hydrolyzed cartilage.
dPork and chicken meats, pork and chicken livers, wheat flour, cellulose, wheat gluten, minerals, sunflower oil, fish oil, tomato powder (source of lycopen),

lecithin, egg white dried, taurine, gelling agents, yeast hydrolysate, marigold meal, L-carnitine, hydrolyzed crustacean, hydrolyzed cartilage, vitamins.
eTarget levels for P coming from soluble salts.
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TABLE 2 Prevalence of clinical findings in cats staged as IRIS 1 or 2 before and at the end of each diet interventiona

LP-LP dry (months 1-17) MP-MP dry-wet (months 22-43)

(Month 2) (Month 17) (Month 21) (Month 43)

Age, median (min, max), years 4.9 (2.4-9.8) 7.0 (3.7-11.1) 7.3 (4.0-11.4) 9.2 (5.9-13.3)

BCS 4-5 ND 2 1 12

BCS 6-7/8-9 ND 9/6 8/7 3/0

IRIS 1 CKD 1/19 6/17 5/16 11/15

Adult 0 4 3 7

Senior (≥9 years) 1 2 2 4

IRIS 2 CKD 18/19 11/17 11/16 4/15

Adult 15 6 6 0

Senior (≥9 years) 3 5 5 4

Systolic hypertension >160 mm Hgb 6/19 4/17 4/16 4/15

IRIS 1 0 0 2 4

IRIS 2 6 4 2 0

Borderline proteinuriab,c 2/19 4/17 ND 4/15

IRIS 1 0 1 1

IRIS 2 2 3 3

Increased renal echogenicity 4/19 5/17 ND 7/15

IRIS 1 1 1 1

IRIS 2 3 4 6

RIM sign 18/19 16/17 ND 15/15

IRIS 1 1 1 5

IRIS 2 17 15 10

Altered shape/size 1/19 1/17 ND 4/15

IRIS 1 0 0 1

IRIS 2 1 1 3

Reduced cortico-medullar definition 2/19 2/17 ND 5/15

IRIS 1 0 0 0

IRIS 2 2 2 5

Renoliths-ureteroliths 2-0/19 2-0/17 ND 1-1/15

IRIS 1 0 0 0

IRIS 2 2 2 2

Uroliths 0/19 6/17 ND 1/15

IRIS 1 0 0 0

IRIS 2 0 6 1

Total hypercalcemia, >11.8 mg/dL 0/19 5/17 2/16 0/15

IRIS 1 0 0 0 0

IRIS 2 0 5 2 0

Ionized hypercalcemia, >5.41 mg/dL 0/19 13/17 7/16 3/15

IRIS 1 0 1 1 2

IRIS 2 0 12 6 1

CaOx RSS > 12.5

In cats without renoliths 0/17 ND ND 0/12

In cats with renoliths 0/2 2/2 ND 0/2
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(months 1-21), all cats received a commercial clinical renal diet (Royal

Canin [RC], Aimargues, France) low in protein and P (LP-LP), within

renal diet PARNUTS (feed intended for PARticular NUTritional pur-

poses [Commission Regulation (EU) 2020/354 of March 4, 2020 esta-

blishing a list of intended uses of feed intended for particular

nutritional purposes, http://data.europa.eu/eli/reg/2020/354/oj]),

containing higher levels of iP than the prefeed diet, which was specifi-

cally formulated to contain negligible amounts of iP. The dry format

(LP-LP-dry: RC Veterinary Diet Feline Renal Dry) was fed during the

first 18 months, while from months 19 to 21 the wet format was

introduced (LP-LP-wet: RC Veterinary Feline Renal), each format pro-

viding approximately 50% of the maintenance energy requirement

(MER). Because of the clinical status of cats following 17 months on

the LP-LP-dry diet, decisions were made to introduce (a) the dry-wet

LP-LP regimen, and subsequently (b) the second dietary intervention

(months 22-43), during which all cats were fed a commercial clinical

senior diet containing a higher but moderate amount of protein and P

(MP-MP diet: RC Senior Consult Stage 2 diet [Royal Canin Senior

Consult Stage 2 was relaunched in September 2020 as Royal Canin

Early Renal]), both nutrients above AAFCO minima. This diet was pro-

vided as a dry-wet regimen throughout the feeding period. Through-

out the trial, diets were fed twice daily, split equally on an energy

basis. Tap water was provided ad libitum. Daily food amounts were

estimated by intake records from the 2 previous months.

2.4 | Measures and analyses

2.4.1 | Blood-based measurements

Hematology was measured in EDTA plasma via a Mythic cell counter

(Woodley Veterinary Diagnostics, Horwich, UK). Serum samples were

TABLE 2 (Continued)

LP-LP dry (months 1-17) MP-MP dry-wet (months 22-43)

(Month 2) (Month 17) (Month 21) (Month 43)

MAP RSS > 2.5

In cats without renoliths 2/17 ND ND 0/12

In cats with renoliths 1/2 0/2 ND 0/2

Abbreviations: BCS, body condition score; CaOx, calcium oxalate; IRIS, International Renal Interest Society; LP-LP, low protein low P; ND, not determined;

MAP, magnesium ammonium phosphate; MP-MP, moderate protein moderate P; RSS, relative supersaturation; UAC, urine albumin to creatinine ratio;

UPC, urine protein to creatinine ratio.
aIRIS stage based on serum creatinine and SDMA and substaged by UPC, systolic blood pressure, and renal imaging.
bNumber of cases reported during each dietary intervention.
cBased on UAC at prefeed (≥30 and <300 in 2 cats)22 and on UPC (0.2-0.3) during the study.

F IGURE 1 Study scheme showing dietary interventions and clinical and research measurements obtained. H/BQ, hematology/biochemistry;
FGF23, fibroblast growth factor 23; GFR, glomerular filtration rate; LP-LP, low protein low phosphorus diet provided on a dry and a dry-wet
regimen; MP-MP, moderate protein moderate phosphorus diet provided on a dry-wet regimen; PTH, parathyroid hormone; RSS, relative super
saturation; US, ultrasound; Vit D, vitamin D
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analyzed for biochemistry (VetTest Chemistry analyzer), electrolytes

(VetLyte Electrolyte analyzer), and SDMA (IDEXX SDMA test). Ionized

Ca (iCa) was measured in heparinized blood with a blood gas-analyzer

(Stat Profile Prime Critical Care Analyser, Woodley Equipment Com-

pany Ltd, Horwich, UK from prefeed to month 24, and ABL-90 FLEX

analyzer, Radiometer Medical ApS, Brønshøj, Denmark from months

30 onwards). Intact FGF23 and PTH were measured in EDTA plasma

by ELISA and immunoradiometric assays previously validated for

cats.8,25 Calcitriol was measured in serum by a chemiluminescent

immunoassay (DiaSorin LIASON XL1,25 Dihydroxy Vitamin D). Addi-

tional vitamin D metabolites were determined by LC/MS-MS.26 For

GFR determination, iohexol concentration was analyzed with high

performance capillary electrophoresis in serum samples taken at

120, 180, and 240 minutes after IV administration of 647 mg iohexol/

kgBW (Omnipaque 300, Amersham Health, New Jersey). Glomerular

pressure and filtration rate (mL � min�1 � kgBW�1) was calculated

by a corrected slope-intercept iohexol clearance method.27

2.4.2 | Urinalysis

Urinary protein, glucose, ketones, leucocytes, red blood cells, creati-

nine, microalbumin, and UAC were assessed within 30 minutes of

urine collection with InSight MS-11 and MS-2 Vet urine strips

(Woodley Equipment Company Ltd, Bolton, UK). During the study,

UPC, pH, and USG were analyzed at IDEXX Laboratories (Wetherby,

West Yorkshire, UK). For urine RSS measurement, urine collected over

a 3-days period was analyzed for oxalate, citrate, potassium, Ca,

sodium, ammonium, chloride, magnesium, sulfate, P, and uric acid by

high performance liquid chromatography at Royal Canin European

Regional Laboratory (Aimargues, France). Values were entered in SUP-

ERSAT software28 to calculate the RSS (activity product/solubility

product) for MAP and CaOx.

2.4.3 | Renal ultrasounds

Ultrasonographic changes were assessed by a diplomate of the

European College of Veterinary Diagnostic Imaging with an ultrasound

scan (GE Healthcare LOGIC, Little Chalfont, UK) with cats under seda-

tion (0.01 mg/kgBW acepromazine, Acecare, IM, 0.3 mg/kgBW metha-

done, Synthadon, IM, and 8 mg/kg propofol, PropoFlo Plus, IV). From

month 20 onwards 1 of the cats diagnosed with hypertrophic cardiomy-

opathy (HCM) underwent ultrasound while awake with 100 mg (18 mg/

kgBW) gabapentin (Summit Pharmaceuticals) as anxiolytic.

2.5 | Statistical analysis

Data from cats after +1, +3, +6, +11, and + 17 months on LP-LP-

dry (months 1-17) and after +1, +3, +9, +16, and + 22 months on

MP-MP-dry-wet (months 22-43) were log10 transformed for fold-

change estimation and a linear mixed model was then fitted with diet,

timepoint, and their interaction as the fixed effects and individual cat

as the random effect. Within LP-LP-dry and MP-MP-dry-wet diets,

differences in clinical and research parameters over time were

established relative to levels after 1 month on each diet (acclimation

period). Estimated means with 95% confidence intervals (CIs) and P-

values were obtained for all comparisons made. These were calculated

with a family-wise adjusted 5% level. A statistically significant differ-

ence was defined as P ≤ .05. The effect of dietary transition from

prefeed to LP-LP-dry, from LP-LP-dry to LP-LP-dry-wet, and from LP-

LP-dry-wet to MP-MP-dry-wet was also analyzed. All analyses were

performed by R version 4.0.0. A descriptive analysis is provided for

cats presenting with plasma PTH and vitamin D concentration below

the lower reference range.

3 | RESULTS

3.1 | Body condition score, energy, and nutrient
intake

During dietary intervention with LP-LP, mean [range] BW was 5.13

[3.58-6.64] kg at month 1 and 5.29 [4.02-6.27] kg at month 21 and

mean BCS remained ≥7 (Figure 2A). A 10% to 20% restriction in daily

food amounts was applied during intervention with MP-MP to maintain

BCS <7. This resulted in a decrease in mean [range] energy intake from

65.3 [54.3-74.9] kcal/kgBW0.711 with LP-LP to 58.9 [52.8-68.5] kcal/

kgBW0.711 with MP-MP. Consequently, mean [range] BW decreased

from 5.28 [3.95-6.24] kg at month 22 to 4.27 [4-5.50] kg at month

43, all cats having a BCS of 4-6 by the study end. Transitioning cats

from LP-LP-dry to MP-MP-dry-wet resulted in increased mean [range]

daily intake of protein from 3.96 [3.28-4.45] to 5.05 [4.72-5.62]

g/kgBW0.711), P from 56 [48.1-65.5] to 88 [79.8-104] mg/kgBW0.711,

and Ca from 105 [89-118] to 124 [108-158] mg/kgBW0.711 (Figure 2B).

3.2 | General health and IRIS stage development

Fifteen of the 19 cats completed the study. Four cats were euthanized

during the study, 3 during the first 21 months, and a fourth cat during

month 40. At month 12, 1 cat (IRIS 2; 3 years) developed an acute

thromboembolism accompanied by hindlimb paralysis. Postmortem

examination confirmed HCM and thrombosis of the abdominal aorta.

Histopathologic investigation of the kidneys revealed chronic inflam-

mation with interstitial fibrosis and dystrophic calcification in the

medullary tubules. At month 15, a second cat (IRIS 2, 4 years) devel-

oped acute and nonrespondent uremic crisis (creatinine = 7.3 mg/dL;

BUN = 84.9 mg/dL); postmortem histopathologic examination identi-

fied tubulointerstitial nephritis and HCM. At month 20, a third cat

(IRIS 1; 7 years) was euthanized because of recurrent urinary tract

2802 SCHAUF ET AL.

 19391676, 2021, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jvim

.16263, W
iley O

nline L
ibrary on [20/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



obstruction linked to a bladder stone analyzed as 100% silica. The last

cat (IRIS 1, 13 years) was euthanized at month 40 because of an inva-

sive adrenal tumor. The other 15 cats remained clinically stable, 11 of

them displaying an improvement in renal markers moving from IRIS

2 to IRIS 1 CKD over the 43-month study (Table 2). One of the cats

(IRIS 2; 3.5 years) was diagnosed with HCM after a heart scan at

month 20 because of pulse arrhythmia. An ECG confirmed supraven-

tricular rhythm and the cat started treatment with atenolol (6.25 mg

per day, Summit Pharmaceuticals). Another cat (IRIS 2; 10.3 years)

reported with 5% weekly BW loss over 2 consecutive weeks was

diagnosed with hyperthyroidism at month 40 (total thyroxine:

43.8 nmol/L; free thyroxine: 36.8 pmol/L; upper reference 60 nmol/L

and 33.5 pmol/L, respectively) and started treatment with carbimazole

(10 mg per 48 hours, Vidalta, MSD Animal Health). Total thyroxin

levels assessed in the remaining 14 cats were <30 nmol/L. During the

study, 4 cats presented with recurrent episodes of cystitis and

received 1 or 2 meals as wet while on LP-LP-dry, or both meals as

wet while on MP-MP-dry-wet (n = 3) for a minimum of 3 months as

advised by the attending veterinarian.

3.3 | Clinical and research measurements of renal
function

During the study, hematology remained within reference ranges. Main

biochemical findings (including iCa) within each dietary intervention

are summarized in Table 3, while GFR and Ca-P regulatory hormone

responses (including tCa) are illustrated in Figures 3 and 4,

respectively.

Mean serum albumin remained within the reference range with

both dietary interventions. During dietary intervention with LP-LP-dry

decreases (P < .001) in mean creatinine (0.87-fold, 95% CI 0.81, 0.93),

BUN (0.81-fold, 95% CI 0.76, 0.87), and SDMA (0.72-fold, 95% CI

F IGURE 2 Mean (A) body weight and body condition score
and (B) daily protein ( ), phosphorus (P; ) and calcium (Ca; )
intake of cats with each dietary intervention. Error bars denote SE of

the mean. LP-LP, low protein low P diet; MP-MP, moderate protein
moderate P diet

F IGURE 3 Boxplots with whiskers with maximum 1.5 IQR
showing the progression of glomerular filtration rate (GFR) with each
dietary intervention. LP-LP, low protein low phosphorus; MP-MP,
moderate protein moderate phosphorus. Dashed line represents the
lower reference for GFR at 0.92 mL � min�1 � kgBW�1
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0.62, 0.84) were observed from +1 to +6 months. After 17 months,

creatinine and BUN remained below +1 month values, whereas

SDMA increased to starting values (+17 vs +1, P > .1). However,

feeding LP-LP-dry-wet was associated with decreased (0.87-fold, 95%

CI 0.77, 0.97, P = .01) SDMA (+17 vs +3 on LP-LP-dry-wet). Further

decreases (P < .001) in SDMA (0.75-fold, 95% CI 0.67, 0.84) and cre-

atinine (0.86-fold, 95% CI 0.81, 0.93) were observed after

transitioning cats onto MP-MP-dry-wet (+1 vs +3 on LP-LP-dry-wet),

levels remaining <1.6 mg/dL and < 14 μg/dL, respectively throughout

the feeding period. Blood urea nitrogen remained within the reference

range despite an increase (1.08-fold, 95% CI 1.01, 1.15, P = .01) after

transitioning onto MP-MP-dry-wet.

Dietary transition from prefeed (�2) to LP-LP-dry (+1) was asso-

ciated with decreased GFR (0.90-fold, 95% CI 0.82, 0.99, P = .02),

which did not significantly change over the following months

(Figure 3). While on MP-MP-dry-wet an increase (1.28-fold, 95% CI

1.10, 1.48, P < .001) in GFR from +3 to +22 months was observed.

3.4 | Ca, P, FGF23, PTH, and vitamin D

At study entry, cats were normo-phosphatemic (mean 4.15, 95% CI

3.82, 4.46 mg/dL) and normo-calcemic (mean tCa 9.18, 95% CI 8.42,

10 mg/dL). Mean PTH (7.69, 95% CI 5.67, 11.4 pg/mL) and FGF23 (116;

95% CI 34.8203 pg/mL) were within levels reported in healthy cats.7,29

Serum P remained within reference range throughout the study,

although increases >4.5 mg/dL (IRIS target) were observed at +3, +6,

and +17 months on LP-LP-dry. Total Ca increased (P < .01) after

6 months on LP-LP-dry up to 1.17-fold (95% CI 1.11, 1.22) at +17 (vs

+1) (Figure 4A). This coincided with increased (P < .001) iCa (1.14-fold,

95% CI 1.06, 1.23) and FGF23 (2.7-fold, 95% CI 1.72, 4.31; Figure 4B) at

+17 vs +1 month and with development of total and ionized hypercalce-

mia in 5/17 and 13/17 cats, respectively, by month 17 (Table 2). Parathy-

roid hormone decreased (0.53-fold, 95% CI 0.43, 0.65, P < .001) from +1

to +3 months on LP-LP-dry, 14/19 cats presenting with PTH <5 pg/mL

during the feeding period (Figure 4C). Consistent changes in vitamin D

metabolites were not observed while on LP-LP-dry (Table 4). Feeding the

LP-LP-dry-wet diet was associated with decreased (P < .01) tCa

(0.91-fold, 95% CI 0.86, 0.95) and iCa (0.95-fold, 95% CI 0.92, 0.99) at

+3 vs +17 months on LP-LP-dry. The occurrence of total/ionized hyper-

calcemia was also reduced (Table 2). During dietary intervention with

MP-MP-dry-wet, total hypercalcemia was resolved and the frequency of

ionized hypercalcemia was further reduced. A decrease in FGF23

(0.58-fold, 95% CI 0.35, 0.95, P = .02) from +3 to +22 months was also

observed. Vitamin D metabolites did not consistently change while on

MP-MP-dry-wet, although calcitriol was below the limit of detection

(12 pmol/L) in 7/15 cats at the end of the feeding period.

3.5 | Urinary tract health measures

While on LP-LP-dry, mean USG remained >1.035 while urine pH

increased (P < .001) >7 after 6 months. While on MP-MP-dry-wet,T
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USG remained <1.035 during the first 9 months, increasing >1.035

thereafter, while urine pH remained <7 (Table 4). Transient borderline

proteinuria (UPC 0.2-0.3) was observed in 4/17 cats while on LP-LP-

dry after 11 months (Table 2). This condition reoccurred in 2 of these

cats and was identified in 3 other cats at various timepoints while on

MP-MP-dry-wet. Borderline proteinuria (UPC 0.4-0.5) was identified

in 1 cat with a developing adrenal tumor. In the 2 cats presenting with

renoliths, CaOx RSS increased above a formation product value of

12.528 after 11 months on LP-LP-dry. Mean [range] CaOx RSS was

3.7 [0.61-6.5] when reassessed in all cats at the end of the MP-MP-

dry-wet feeding period (Table 2). The occurrence of frequent CaOx

crystals increased from 0 to 47% (8/17) while on LP-LP-dry (+17 vs

+3), whereas frequent MAP crystal occurrence increased from 32%

(6/19) to 41% (7/15). At the end of the MP-MP-dry-wet feeding

period, the occurrence decreased to 7% (1/15) for both CaOx

and MAP.

F IGURE 4 Boxplots with whiskers with maximum 1.5 IQR showing the evolution of (A) serum total calcium, (B) plasma FGF23, and (C) PTH
with each dietary intervention. LP-LP, low protein low phosphorus; MP-MP, moderate protein moderate phosphorus. Dashed lines represent the
physiological upper reference
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3.6 | Kidney and urinary tract imaging

Ultrasonographic imaging after 17 months on LP-LP-dry showed

bladders stones in 6/17 cats, all 6 also presenting with ionized

hypercalcemia, while 2 of the 6 also with total hypercalcemia.

Affected cats had various small stones, except for 1 cat with a sin-

gle bladder stone (4 � 5 mm). A follow-up scan after 9 months on

MP-MP dry-wet showed urolith resolution in 5/6 affected cats,

although a bladder stone (1 � 1 mm) had developed in another cat

(IRIS 2; 13 years), with this being the only case at the end of the

study. An ureterolith was identified in 1 of the 2 cats with renoliths

at study entry, while renoliths persisted in the other cat. On LP-LP-

dry, increased renal echogenicity and reduced cortico-medullar

(CM) definition was identified in 1 cat presenting with renoliths.

While feeding MP-MP-dry-wet, 6 cats (5 IRIS 2, 1 IRIS 1;

8-13 years) had increased echogenicity and/or reduced CM

definition. In 1 of the cats and in 2 additional ones (1 IRIS 1, 2 IRIS

2; 8-13 years) smaller kidneys were identified.

4 | DISCUSSION

In this study, the impact of varying dietary protein and P contents and

Ca : P ratios in the long-term maintenance of cats with early CKD was

assessed. Feeding LP-LP-dry, a highly protein (59 [58-60] g/Mcal) and

P (0.84 [0.72-0.96] g/Mcal) restricted commercial diet with a high

Ca : P ratio (1.9 [1.7-2.1]), reduced serum creatinine, SDMA, and BUN

over the first 6 months, but was associated with total and ionized

hypercalcemia development after 17 months. Increasing dietary pro-

tein (76 [73-78] and 98 [94-101] g/Mcal) and P (1.4 [1.35-1.45] and

1.6 g/Mcal) and decreasing Ca : P ratio (1.4 [1.32-1.42] and 1.6

[1.55-1.63]) when transitioned to dry and wet formats of LP-LP and

TABLE 4 Serum vitamin D and urine variables in cats with early CKD fed a low protein, low P (LP-LP) and subsequently a moderate protein,
moderate P (MP-MP) diet

Prefeed dry LP-LP dry (months 1-18) MP-MP dry-wet (months 22-43)

Mean (95% CI)a Timeb Mean 95% CI Pc Timeb Mean 95% CI Pc

Calcidiol 25(OH)D3, nmol/L ND +3 121 98.5, 148 +3 114 92.2, 142

+6 116 94.9, 143 1 +9 105 84.4, 130 .86

+11 89.8 73.2, 111 <.001 +16 99.6 80.3, 126 .46

+17 101 82.1, 125 .17 +22 107 86.1, 134 .97

C3-Epi-25(OH)D3, nmol/L ND +3 25.3 20.9, 30.6 +3 19.4 15.9, 23.7

+6 25.9 21.4, 31.4 1 +9 25.7 21.1, 31.5 .001

+11 22.7 18.7, 27.4 .49 +16 18.9 15.4, 23.1 1

+17 20.4 16.7, 24.8 .02 +22 17.7 14.4, 21.7 .76

Calcitriol 1,25 (OH)2D, pmol/L ND +3 20.3 14.8, 27.7 +3 35.3 25.3, 49.4

+6 21.2 15.5, 28.9 1 +9 27.1 19.9, 36.8 .15

+11 14.3 9.52, 21.6 .14 +16 40.2 9.6, 54.7 .83

+17 28.6 20.3, 40.3 .05 +22 25.7 17.8, 37.1 .14

24,25(OH)2D2, nmol/L ND +3 29.8 22.1, 40.2 +3 25.2 18.4, 34.6

+6 22.8 6.9, 30.8 .14 +9 28.9 21, 39.6 .85

+11 15.2 11.3, 20.5 <.001 +16 24.8 18.1, 34.1 1

+17 16.2 11.9, 22.1 <.001 +22 29.3 21.2, 40.5 .79

Urine specific gravity 1.037 (1.033, 1.044) +3 1.042 1.035, 1.049 +3 1.03 1.023, 1.037

+6 1.043 1.036, 1.05 1 +9 1.03 1.023, 1.038 1

+11 1.041 1.034, 1.048 1 +16 1.036 1.028, 1.043 .4

+17 1.036 1.03, 1.04 .42 +22 1.039 1.032, 1.047 .05

Urine pH 6.31 (5.87, 6.78) +3 5.94 5.36, 6.59 +3 5.74 5.14, 6.4

+6 7.67 6.94, 8.49 <.001 +9 6.59 5.88, 7.38 .1

+11 7.16 6.45, 7.94 .004 +16 6.64 5.95, 7.41 .06

+17 7.36 6.61, 8.18 <.001 +22 6.81 6.06, 7.65 .02

Abbreviations: CI, confidence interval; CKD, chronic kidney disease; ND, not determined; P, phosphorus.
aUrine parameters measured 2 months before feeding LP-LP dry.
bMonths on diet with LP-LP dry and MP-MP dry-wet. Prefeed variables measured at month-2.
cWithin each dietary intervention, P-values denote changes from levels after 3 months (+3) on each diet.
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later MP-MP commercial diets, resolved total hypercalcemia while

maintaining renal function. This supports moderate inclusion levels of

these nutrients for long-term management of cats with early CKD.

Some particularities of this study concern the nature of CKD and

the dietary management of these cats before study entry. As the etiol-

ogy of CKD was because of P overload, dietary P was quickly

restricted before study entry by feeding the experimental diet specifi-

cally formulated to contain low protein, low P, and negligible amounts

of iP. Both the etiology and the early dietary management of these

cats with such a P-restricted diet might differ from the general cat

population, possibly making the outcomes of the current study some-

what unique. In fact, after the 5-month stabilization period with the

experimental diet, plasma PTH and FGF23 had reverted to normal

values. Most of the cats that completed the 43-month study (15/19;

79%), displayed improvement in clinical parameters, with the majority of

cases (11/15; 73%) finishing at IRIS 1 CKD, which apparently differs

from the outcome of older cats with idiopathic CKD (IRIS 2-4)

maintained on a renal diet.15,19 Therefore, despite commonalities in path-

ophysiological and possibly histopathological changes between our cats

and cats with idiopathic CKD,30 differences in the clinical progression

should be considered. This might be indicated by 2 of 4 cats being eutha-

nized at 15 and 20 months because of urinary tract and renal disease,

which is similar to the median survival time of 16 to 21 months observed

in azotemic cats maintained on clinical renal diets.15,19

In keeping with earlier studies,17,19,31 initial feeding of the LP-LP-

dry diet was associated with decreased BUN and creatinine. The

increased serum P reported over the first 6 months could be partly

attributed to the comparatively higher iP levels in LP-LP than in the

prefeed diet. Although the LP-LP diet contained less than 0.5

giP/Mcal from sodium tripolyphosphate, that level has been shown to

induce a postprandial peak in PTH, but not in plasma P after a single

meal (50% MER) exposure in cats.32 Thus the transient increase in

fasted serum P observed with LP-LP-dry could have occurred as an

adaptive response to increased dietary iP. An increase in fasted serum

P concentration associated with intake of food additives containing iP

has been shown in humans.33

After 17 months of feeding LP-LP-dry, total and ionized hypercal-

cemia was observed in 29% and 76% of cats, respectively. Whereas

the occurrence of total hypercalcemia is in line with the 8% to 32%

prevalence observed in cats with CKD,10,11 the ionized hypercalcemia

occurrence is comparatively greater than the prevalence reported in

cats with azotemic CKD (up to 9%),10 which suggests the interplay of

other factors in this response. An overall decrease in GFR, which has

been related to lower renal Ca clearance leading toward an increased

Ca retention in humans,12 was not observed here. Blood concentra-

tion of PTH and calcitriol, both of which are involved in upregulation

of Ca retention, remained within reference ranges and did not show a

consistent increase over time, ruling out any obvious cause of hyper-

calcemia. An effect of dietary P restriction on this response associated

with high Ca : P was therefore hypothesized. Dietary P restriction has

been related to increased Ca absorption in humans12 and pigs34

because of a lower Ca binding by P in the intestine. The higher rela-

tive amount of iP in LP-LP-dry (0.32/0.84; 38%) compared with the

prefeed (0.06/1.23; 5%) and MP-MP-dry-wet diets (0.32/1.5; 21%)

could have also contributed to this response, as iP would have been

more rapidly absorbed. Development of hypercalcemia has previously

been described in cats with azotemic CKD fed a P-restricted diet (0.73

and 0.8 gP/Mcal) containing a high Ca : P ratio of 1.9.20,31 An improve-

ment also occurred after transitioning the cats to a moderately

phosphate-restricted diet (1.5 gP/Mcal and Ca : P= 1.3),31 which approx-

imates levels in the MP-MP diet. An increased frequency of ionized

hypercalcemia (19 vs 3.5%) has also been reported in healthy older cats

(≥9 years) fed a diet containing 1.6 gP/Mcal and Ca : P = 1.2 for

18 months compared with cats fed a diet containing 2.6 gP/Mcal and

Ca : P = 1.1.35 However, in that study, iCa increased in all cats and out-

comes might not be truly comparable to that of cats with CKD.

The apparent positive effect of feeding LP-LP-dry-wet and MP-MP-

dry-wet in reducing hypercalcemia compared with LP-LP-dry indicate

benefits of differing dietary constituents and format. For example, the

higher moisture and protein content and the lower Ca : P ratio in LP-LP

and MP-MP diets fed as a dry-wet regimen might have promoted diure-

sis, decreased Ca absorption, and minimized CaOx urolith formation.36

The suppression of plasma PTH after 3 months on LP-LP-dry

alongside the parallel increase in plasma FGF23 after 6 months on this

diet might indicate a compensatory mechanism to overcome hypercal-

cemia. FGF23 is considered a predictor for the development of azote-

mia and CKD progression in azotemic cats7,37 and its effect on Ca-P

homeostasis in humans and mice is well described.38,39 In response to

increased serum phosphate, FGF23 inhibits phosphate reabsorption in

the proximal tubule.38 An effect of FGF23 on suppressing the synthe-

sis of calcitriol40 and PTH41 has been demonstrated in rodents, which

is in keeping with the positive relationship between FGF23 and total

Ca reported in cats.8 In addition, the overall stability of vitamin D

metabolites over the feeding period with LP-LP-dry, which remained

within reference ranges reported in healthy adult cats,6 could have

been because of a FGF23-mediated inhibitory effect to reduce serum

Ca. The decline in FGF23 and improvement of hypercalcemia

observed after transitioning onto MP-MP-dry-wet, containing com-

paratively higher P levels, support a hypercalcemia-mediated stimula-

tion of FGF23 while on LP-LP-dry.

Although mean GFR did not significantly change from month

1 onwards while on LP-LP dry, the increase in SDMA and FGF23,

which are negatively correlated with GFR,7 observed after 6 months

could be an early indicator of declining kidney function as a result of

the development of hypercalcemia and urolithiasis. On this note,

hypercalcemia has been shown to decrease GFR and renal blood flow

in rats42 and an early increase in SDMA has been reported in cats with

renoliths.43 Although there are numerous factors involved in the for-

mation of uroliths, hypercalcemia was likely a contributing factor, con-

sidering the increase of serum Ca � P > 55 mg2/dL2 in cats with total

hypercalcemia, which is the advisory level used for humans with CKD

to prevent soft tissue calcification,44 as well as the increased CaOx

RSS in cats with persistent renoliths. Although not directly linked with

urolithiasis, all cats with total hypercalcemia and most (4/6 cats) with

uroliths had frequent CaOx crystals at month 17. The nature of the

uroliths was only confirmed in 1 of the cats euthanized, this revealing
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a 100% silica stone. This was an unexpected finding and a causative

factor could not be directly linked. At the end of the feeding period

with MP-MP-dry-wet, resolution of total hypercalcemia and the

reduced frequency of ionized hypercalcemia to 3/15 cats was accom-

panied by a reduced frequency of urolithiasis (1/15), which had fre-

quent CaOx crystals. It could therefore be speculated that affected

cats had CaOx uroliths and that these were voided during the study

because of their small size. In addition to the apparent control of

hypercalcemia, feeding MP-MP-dry-wet was associated with serum

creatinine <1.6 mg/dL (IRIS stage 2 cut off value) and P < 4.5 mg/dL

(IRIS target), which is in keeping with the increased GFR observed

with this diet. The increased BUN, and potentially GFR, after 1 month

could be partly explained by the higher protein content of this diet. In

human studies, GFR upregulation by dietary protein has been

reported within maintenance levels, increasing above a threshold

equivalent to the recommended daily allowance for protein intake.45

The prognosis of CKD in these cats at the end of the study was

considered positive based on the decline of and further stabilization

of plasma FGF23 and the apparent improvement in both hypercalce-

mia and GFR observed while on MP-MP-dry-wet. Nevertheless, there

was also a deterioration in some parameters that could be indicative

of subtle CKD progression. These included a drop in calcitriol

<12 pmol/L in 47% of cats, as well as increased renal echogenicity,

reduced CM definition and altered kidney size/shape in 47%, 33%

and 27% of cats, respectively, by the end of the study. The above

changes were not directly linked to IRIS staging of CKD and could

have been ascribed to a natural progression of CKD, associated with

cats becoming older in addition to the primary insult.

One of the main limitations of this study is the lack of a control

group, which prevents attribution of the effects to diet alone. Diet

intervention was dictated by the clinical status of cats, justifying the

initial transition to the LP-LP diet with a view to control azotemia. As

different diets were fed subsequently, a carry-over effect cannot be

fully ruled out. This risk was partly mitigated by evaluating the long-

term feeding effects and by using values after 1 month on each diet

as the first timepoint. Equipment failure prevented measuring iCa

throughout the LP-LP-dry feeding period, limiting our ability to deter-

mine the onset of ionized hypercalcemia. Overall, the clinical data

reported here support the use of a moderate protein and phosphate

diet for the long-term management of normo-phosphatemic cats with

early CKD. Extrapolation of these findings to cats from the general

population with idiopathic CKD warrants further investigation.

5 | CONCLUSION

Feeding a dry diet with highly restricted protein (59 g/Mcal), total P

(0.84 g/Mcal), and high Ca : P (1.9 : 1) to cats with early stage CKD (IRIS

1 and 2) controlled azotemia, but was associated with the development

of ionized hypercalcemia in the majority of cats after 17 months.

Increased plasma FGF23, SDMA, and frequency of urolithiasis were also

observed. Increasing dietary moisture, protein, and P content and reduc-

ing the Ca : P ratio by providing the same diet on a dry-wet regimen for

3 months improved these conditions. Transitioning cats onto a less pro-

tein and P-restricted diet (76-98 g protein/Mcal; 1.4-1.6 gP/Mcal; Ca : P

1.4-1.6), with P inclusion above the range seen in most commercially-

available renal diets, decreased the occurrence of hypercalcemia and uro-

lithiasis, while maintaining serum creatinine, P, PTH, and FGF23 within

reference ranges over the long term.
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