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Abstract

Background: Hypercalcemia is commonly observed in cats with azotemic chronic kid-

ney disease (CKD). Dietary phosphate restriction is considered standard of care but

may contribute to the development of hypercalcemia. The optimal dietary management

strategy for these cats is unclear.

Objectives: To describe the effect of feeding a moderately phosphate-restricted diet

(MP; 1.5 g/Mcal phosphorus; Ca : P ratio, 1.3) to cats with concurrent azotemic CKD

and ionized hypercalcemia.

Animals: Client-owned cats with ionized hypercalcemia (ionized calcium

[iCa] concentration >1.4 mmol/L) at diagnosis of CKD (n = 11; baseline

hypercalcemics) or after CKD diagnosis while eating a phosphate-restricted

clinical renal diet (0.8 g/Mcal phosphorus; Ca : P ratio, 1.9; n = 10; RD

hypercalcemics).

Methods: Changes in variables over time, after starting MP at visit 1, were assessed using

linear mixed model analysis within each group of cats. Data are reporte as median [25th,

75th percentiles].

Results: At visit 1, iCa was 1.47 [1.42, 1.55] mmol/L for baseline hypercalcemics

and 1.53 [1.5, 1.67] mmol/L for RD hypercalcemics. Blood iCa decreased

(P < .001) when RD hypercalcemics were fed MP, with iCa <1.4 mmol/L in 8/10

cats after 2.2 [1.8, 3.7] months. Plasma phosphate concentrations did not

change. In contrast, the baseline hypercalcemic group overall showed no change

in iCa but a decrease in plasma phosphate concentration during 8.8 [5.5, 10.6]

months on the MP diet, although 4/11 individual cats achieved iCa <1.4 mmol/L

by 3.4 [1.0, 6.2] months.

Abbreviations: β, beta; slope of the line; BCS, body condition score; BHCa, baseline hypercalcemic group; Ca : P, calcium-to-phosphorus ratio; Ca × P, total calcium-phosphate product; CKD,

chronic kidney disease; FGF23, fibroblast growth factor 23; HCO3
−, venous bicarbonate concentration; IRIS, International Renal Interest Society; PTH, parathyroid hormone; RDHCa, renal diet

hypercalcemic group; USG, urine specific gravity.
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Conclusions and Clinical Importance: Attenuation of dietary phosphate restriction

could result in normalization of iCa in cats that develop hypercalcemia while eating a clin-

ical renal diet.

K E YWORD S

CKD, diet, feline, renal

1 | INTRODUCTION

Azotemic chronic kidney disease (CKD) is a common condition in

older cats,1,2 and is associated with changes in calcium homeostasis in

this species. Plasma total hypercalcemia was observed in 60 of

191 cats (31%) diagnosed with azotemic CKD,3 and an increase in the

trend of plasma total calcium concentrations was observed in 40 of

71 (56%) of cats transitioned to a phosphate-restricted clinical renal

diet over 200 days.4 Ionized calcium concentration is poorly predicted

from extrapolation of total calcium concentrations in cats3,5 but

because it is the biologically active form, its direct measurement pro-

vides a better indication of disrupted calcium homeostasis than does

sole measurement of total calcium concentration. Ionized hypercalce-

mia is seen concurrently with CKD in cats, but it is not always appar-

ent whether the hypercalcemia has resulted in development of CKD,

or the CKD has led to the development of hypercalcemia. In some

cases, ionized hypercalcemia has been reported to develop after pre-

scription of a phosphate-restricted clinical renal diet,6 although this

outcome was only observed in 2/15 cats.

Dietary phosphate restriction may contribute to the development

of hypercalcemia because lower dietary phosphate and a higher dietary

calcium-to-phosphorus (Ca : P) ratio possibly could lead to enhanced

intestinal calcium absorption.7,8 This hypothesis is supported by the

observation that withdrawal of the phosphate-restricted clinical renal

diet restored normocalcemia in the 2 aforementioned cats.6 However,

hyperphosphatemia is associated with increased risk of progression of

azotemia and death in cats with CKD,9-11 and dietary phosphate

restriction is recognized as an effective management strategy in cats

with CKD, decreasing plasma phosphate and parathyroid hormone

(PTH) concentrations and improving survival.6,12-15 As a result, the

feeding of a phosphate-restricted clinical renal diet has become stan-

dard of care for cats with azotemic CKD. Management strategies for

ionized hypercalcemia in cats with azotemic CKD, whether present at

CKD diagnosis, or documented after introduction of a clinical renal diet

have not been explored previously.

Our aim was to describe the effect of feeding a moderately phosphate-

restricted diet on plasma markers of calcium-phosphate homeostasis in cats

with azotemic CKD and concurrent ionized hypercalcemia.

2 | METHODS

The clinical records of 2 companion animal practices in central London

(Beaumont Sainsbury Animal Hospital, Camden and People's Dispen-

sary for Sick Animals, Bow) were retrospectively searched for cats

with a prior or new diagnosis of azotemic CKD, and that had a new

diagnosis of ionized hypercalcemia made between 1 January 2014

and 31 December 2018. A diagnosis of azotemic CKD had been made

based on plasma creatinine concentration >2 mg/dL in conjunction

with urine specific gravity (USG) <1.035, or plasma creatinine concen-

tration >2 mg/dL on 2 consecutive visits 2 to 4 weeks apart. Ionized

hypercalcemia was based on a blood ionized calcium concentration

>1.40 mmol/L, to exclude small transient increases above the previ-

ously calculated reference interval for cats ≥9 years of age of 1.19 to

1.37 mmol/L.16 All clinic appointments and blood samples had been

performed between 0900 and 1300, and all clients were telephoned

the day before and asked to fast their cats overnight before their

appointment.

Owners of cats that had been normocalcemic at diagnosis of CKD

had been advised to feed a protein and phosphate restricted renal diet

(RD, Feline Veterinary Diet Renal, Royal Canin SAS, Aimargues, France;

0.8 g/Mcal phosphorus; Ca : P ratio 1.9) according to a standardized

clinical protocol. Cats that subsequently developed hypercalcemia with

ionized calcium concentration >1.4 mmol/L on 2 consecutive visits, or

>1.5 mmol/L at any time, were included in the study if they had subse-

quently been transitioned to a moderately protein and phosphate-

restricted diet (MP, Feline Veterinary Care Nutrition Senior Consult

Stage 2, Royal Canin SAS; 1.5 g/Mcal phosphorus; Ca : P ratio 1.3) on

the visit ionized hypercalcemia was diagnosed. Full diet compositions

are presented in Table 1. These cats were assigned to the renal diet

hypercalcemic (RDHCa) group. Cats that were hypercalcemic (ionized

calcium concentration >1.4 mmol/L) at the time of azotemic CKD diag-

nosis were included in the study if they had been transitioned immedi-

ately onto MP without receiving RD first; confirmation of increased

ionized calcium concentration at a second visit was not a requirement.

These cats were assigned to the baseline hypercalcemic (BHCa) group.

Owners had been requested to present their cats in for reexamination

at 4 to 6 weeks after diet change and subsequently every 2 months. Cats

receiving amlodipine besylate for treatment of systemic hypertension

were eligible for inclusion. Cats with a diagnosis of diabetes mellitus,

treated with corticosteroids, or that were diagnosed with hyperthyroidism

at any time were excluded. Cats recruited to the study formed part of a

large observational cohort for which owner consent was obtained.

Clinical data for up to 12 months after transition onto MP were

retrieved from the electronic clinical records including signalment

data, weight, body condition score (BCS, 1-9), muscle condition score

(MCS 0-3 representing severe [0], moderate [1], mild [2], and no

[3] muscle wastage) biochemical variables, venous pH and bicarbonate

(HCO3
−) concentration, PCV, systolic blood pressure, and USG. After

venipuncture blood ionized calcium concentration, venous pH and
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HCO3
− concentration had been measured on whole blood using a

hand-held analyzer (iSTAT 1 point-of-care analyzer, Abbott Point of

Care Inc, Princeton, New Jersey). Plasma biochemistry had been

performed on heparinized plasma by a commercial laboratory (Idexx

laboratories, Wetherby, UK). Plasma intact fibroblast growth factor

23 (FGF23) and PTH concentrations had been measured using an

FGF23 ELISA (FGF-23 ELISA Kit, Kainos Laboratories, Tokyo, Japan)

and PTH immunoradiometric assay (total intact PTH immunoradiometric

assay-coated bead version, 3KG600, Scantibodies, Santee, California),

previously validated for use with feline samples.17,18 Parathyroid hor-

mone measurements below the lower limit of detection of the assay

(<5.2 pg/mL) were assigned a value of half of this limit (2.6 pg/mL) as

previously described.17

Normality of variables was assessed by visual inspection of histo-

grams and, because not all variables had a Gaussian distribution,

results are reported as median [25th, 75th percentiles]. Variables with

highly right-skewed distributions subsequently were logarithmically

transformed (ln). For each group, a linear mixed effects model, using

time (measured in months as equivalent to 30.4 days) as a fixed effect

and cat as random effect, was used to assess if the rate of change in var-

iables over time was significantly different from zero within the group.

Normality of the residuals was checked by visually inspecting the histo-

grams. Differences between groups were not assessed because they

were not deemed directly comparable. The clinic visit at which MP was

started was designated as the baseline visit (time 0). Quadratic terms for

time (time2) were included in initial models to account for potential

nonlinear changes of variables over time, and subsequently removed if

not significant. Because of a very small number of data points occurring

after the 6 month time point in the RDHCa group, only data up until

6 months were included in the model for this group. Analyses were per-

formed using R version 3.6.0 (https://www.R-project.org/). The <lme4>

and <lmerTest> packages were used for the linear mixed effects model

analyses; all graphs were generated using <lattice> and <latticeExtra>

packages.

TABLE 1 Ingredients and mean dietary composition for the low protein and phosphate “renal” diet and the moderately protein and
phosphate restricted diet MP fed to cats before and during this study respectively. Nutrients expressed per Mcal of Metabolizable Energy with
Energy calculated by the manufacturer using the National Research Council 2006 equation

Nutrient Low protein and phosphate restricted renal diet Moderately protein and phosphate restricted MP diet

Energy (Kcal/kg) 3925 3789

Moisture (g/Mcal) 20 21

Protein (g/Mcal) 59 74

Fat (g/Mcal) 43 37

EPA-DHA (g/Mcal) 1.1 2.1

NFE (g/Mcal) 112 109

Starch (g/Mcal) 97 89

Crude fiber (g/Mcal) 12 14

Total dietary fiber (g/Mcal) 27 34

Minerals (g/Mcal) 15 15

Calcium (g/Mcal) 1.5 2.0

Phosphate (g/Mcal) 0.8 1.5

Calcium : phosphate ratio 1.9 1.3

Sodium (g/Mcal)a 1.0 1.1

Potassium (g/Mcal) 2.3 1.8

Chloride (g/Mcal) 2.7 2.0

Vitamin D3 (IU/Mcal) 204 185

Vitamin A (IU/Mcal) 5990 6070

Ingredients Renal diet:

maize flour, rice, animal fats, wheat gluten, vegetable fibers, maize gluten, soya protein isolate, maize, hydrolyzed animal

proteins, minerals, chicory pulp, dehydrated poultry protein, fish oil, soya oil, mono - and diglycerides of palmitic and

stearic acids esterified with citric acid, psyllium husks and seeds, fructo-oligo-saccharides, marigold extract (source of

lutein).

MP:

Maize, 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 (source of lycopene), psyllium husks and

seeds, FOS, GLM 0.3%, hydrolyzed yeast (source of mannan-oligo-saccharides), hydrolyzed crustaceans (source of

glucosamine), borage oil, marigold extract (source of lutein), hydrolyzed cartilage (source of chondroitin).

Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FOS, fructo-oligo-saccharides; GLM, New Zealand green-lipped mussel extract;

NFE, nitrogen-free extract.
aPrior to 2014, renal diet contained 0.8 g/Mcal sodium. All other nutrient concentrations were consistent during the study period.
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3 | RESULTS

Seventy cats with a diagnosis of azotemic CKD were identified that had

an ionized calcium concentration of >1.4 mmol/L between 1 January

2014 and 31 December 2018. Twenty-two cats were excluded because

of a concurrent diagnosis of hyperthyroidism and 3 cats were excluded

because of treatment with corticosteroids. Therefore, 45 cats were

reviewed for their suitability for inclusion in the study based on their

dietary history. Of these 45 cases, 11 cats were diagnosed with ionized

hypercalcemia while receiving a renal diet, but were not transitioned

onto MP because of only having transient ionized hypercalcemia, with

ionized calcium concentration >1.4 mmol/L but <1.5 mmol/L on 1 visit

only. The median ionized calcium concentration for these 11 cats was

1.42 mmol/L (range, 1.4-1.44 mmol/L). Another 4 cats met the criteria

for transition onto MP but had continued on RD. Of these, only 1 cat

stayed on RD exclusively and continued to have ionized hypercalcemia

at last known follow-up (392 days later). The remaining 3 cats had a

decrease or normalization of ionized calcium concentrations when their

diet subsequently was changed to half RD and half another food, or RD

was stopped altogether.

Five cats had no ionized calcium measurement available from the

date of CKD diagnosis (no baseline measurement) and therefore could

not be categorized into the BHCa or RDHCa group. Four cats were

lost to follow-up or died after transition onto MP with no follow-up

data available. Therefore, 21 cats were available for analysis, of which

11 were designated to the BHCa group and 10 were designated to

the RDHCa group. Baseline information for both groups is presented

in Table 2.

The BHCa group consisted of 11 cats, of which 10 were domestic

shorthair and 1 was a domestic longhair, 7 were male (1 intact) and

4 were female (all neutered). Nine cats were in International Renal

Interest Society (IRIS) stage 2 CKD, 1 in IRIS stage 3, and 1 in stage

4 CKD (www.iris-kidney.com). One cat was receiving amlodipine for

hypertension and 2 cats were receiving meloxicam for osteoarthritis.

At baseline, 2 cats (including the stage 4 cat) had plasma total calcium

concentrations above reference interval (>2.95 mmol/L). One of the

IRIS stage 2 cats had a plasma phosphate concentration exceeding the

IRIS stage-specific phosphate target range (www.iris-kidney.com) at

baseline. The median number of follow-up visits, including the base-

line visit, was 4 [3, 5] visits, with a median follow-up time of 8.8 [5.5,

10.6] months. During follow-up, after starting the MP diet, plasma

creatinine concentration, HCO3
− concentration, and body weight sig-

nificantly decreased over time (Figure 1; Table 3A). Plasma phosphate

and blood potassium concentrations showed significant nonlinear

changes over time (Figures 1 and 2; Table 3A). No significant changes

were observed for blood ionized calcium, plasma total calcium, PTH,

or FGF-23 concentrations (Figure 2; Table 3A). No cat had an increase

in plasma creatinine concentration of >25% during follow-up. Plasma

phosphate concentration decreased to below the IRIS stage-specific

target in the 1 cat where it had been increased at baseline, but

TABLE 2 Baseline clinicopathological variables of cats with azotemic CKD and ionized hypercalcemia at diagnosis of CKD (BHCa group) or
that developed ionized hypercalcemia after introduction of a renal diet (RDHCa group)

Variables
BHCa group (n = 11) Median
[25th, 75th percentile] n

RDHCa group (n = 10) Median
[25th, 75th percentile] n

Ionized calcium (mmol/L) 1.47 [1.42, 1.55] 11 1.53 [1.51, 1.67] 10

Total calcium (mg/dL) 10.8 [10.4, 11.4] 11 11.7 [11.2, 12.5] 10

Phosphate (mg/dL) 3.9 [3.7, 4.3] 11 4.3 [4.2, 4.7] 10

Ca × P (mg2/dL2) 44.7 [38.7, 50.8] 11 52.8 [49.0, 56.1] 10

PTH (pg/mL) 10.2 [5.4, 47.0] 8 2.6 [2.6, 8.4] 7

FGF23 (pg/mL) 2295 [1227, 2527] 7 1489 [634, 6408] 7

Creatinine (mg/dL) 2.4 [2.2, 2.7] 11 2.4 [2.0, 2.8] 10

Potassium (mEq/L) 3.8 [3.5, 4.2] 11 3.5 [3.2, 3.8] 10

Sodium (mEq/L) 152 [150, 153] 11 152 [150, 152] 10

HCO3
− (mEq/L) 19.1 [17.4, 22.4] 11 21.2 [17.9, 23.0] 10

Venous pH 7.34 [7.30, 7.38] 11 7.36 [7.31, 7.40] 10

PCV (%) 32 [30, 36] 11 33 [29, 34] 10

Total protein (g/dL) 7.1 [7.0, 7.9] 11 7.2 [7.1, 8.0] 10

Albumin (g/dL) 3.1 [2.8, 3.2] 11 2.9 [2.6, 3.2] 10

USG 1.017 [1.014, 1.020] 4 1.016 [1.014-1.021] 3

SBP (mm Hg) 138 [126, 141] 9 136 5[117, 152] 10

Sex (n [%] male) 7 (64) 11 2 (20) 10

Age (years) 16.9 [15.1, 17.3] 11 14.6 [12.8, 18.1] 10

BCS (1-9) 3 [3, 3] 10 3.5 [2, 6] 10

Body weight (kg) 3.55 [2.96, 4.08] 9 3.25 [2.63, 4.25] 10
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increased to above the IRIS stage-specific target range in 1 CKD stage

2 and the stage 4 cat. Ionized calcium concentration decreased to

<1.4 mmol/L in 4/11 cats after a median of 3.4 [1.0, 6.2] months, but

remained >1.4 mmol/L in the other 7 cats. Total calcium × phosphate

product (Ca × P) exceeded 70 mg2/dL2 during follow-up in the 2 cats

with plasma phosphate concentrations above the targets for their IRIS

stages. No significant changes in BCS or MCS were observed during

the follow-up period (P ≥ .25, data not shown). Two cats had

constipation and 2 cats had decreased activity levels during follow-up

while having ionized hypercalcemia. Only 1 of these cats subsequently

became normocalcemic and the activity level of this cat was reported

to improve.

The RDHCa group consisted of 9 domestic shorthair cats and

1 Birman, 2 males and 8 females (all neutered). Nine cats were in

IRIS stage 2 CKD and 1 was in IRIS stage 3. Three cats were

receiving amlodipine, with 1 also receiving benazepril for

F IGURE 1 Change in plasma creatinine concentrations (A), body weight (B), blood bicarbonate (HCO3
−) concentration (C), and potassium

concentrations (D) over time in cats with ionized hypercalcemia at diagnosis of azotemic CKD (BHCa, n = 11) and cats that developed ionized
hypercalcemia during the course of CKD (RDHCa, n = 10) that were transferred to a moderately protein and phosphate restricted diet. Reference
intervals are shown with a shaded area where applicable. Because of a very small number of data points occurring after the 6 month time point in
the RDHCa group, only data up until 6 months were included in the model for this group
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hypertension, and 1 cat was receiving meloxicam for osteoarthri-

tis. At the time of CKD diagnosis, median blood ionized calcium

concentration had been 1.32 [1.25, 1.33] mmol/L. The median

time since CKD diagnosis to documentation of hypercalcemia was

4.7 [3.9, 10.0] months, and all cats had started eating RD within

1 month of their CKD diagnosis. At baseline, 8/10 cats were

reportedly fed 100% RD and the remaining 2 cats were fed 50%

to 70% RD. At baseline, plasma total calcium concentration

exceeded the reference interval in 4 cats. Plasma phosphate con-

centration exceeded the upper limit of the IRIS stage-specific target

ranges in 3 cats at baseline. The median number of follow-up visits,

including the baseline visit was 3 [2, 3] visits, with a median follow-up

of 3.7 [2.3, 6.1] months. Diet transition occurred after 1 incident of ion-

ized calcium concentration >1.5 mmol/L in 7 cats and after 2 incidents

of ionized calcium concentration >1.4 mmol/L in 3 cats. During follow-

up, after transition onto MP diet, blood ionized calcium concentration,

plasma total calcium concentrations, and calcium-phosphate product

decreased significantly over time and plasma PTH increased signifi-

cantly over time with a nonlinear change (Figure 2; Table 3B), although

for 8/10 cats PTH concentrations never exceeded the upper limit of

the reference interval. One cat had an increase in plasma creatinine

concentration of >25% during follow-up. Plasma FGF-23 concentration

did not change and plasma phosphate concentration did not signifi-

cantly increase in the group as a whole. An increase to above the

upper limit of the IRIS stage-specific target range was observed in

1 cat and plasma phosphate concentration remained increased in

another cat that was hyperphosphatemic at baseline but decreased in

the other 2 previously hyperphosphatemic cats. Ionized calcium con-

centration decreased to below 1.4 mmol/L in 8/10 cats after a median

of 2.2 [1.8, 3.7] months. The remaining 2 cats only had short follow-up

TABLE 3 Linear mixed model analysis of changes in variables after introduction of Royal Canin Senior Consult Stage 2 diet showing (A) cats
with ionized hypercalcemia at diagnosis of azotemic CKD (BHCa group, n = 11) and (B) cats that developed ionized hypercalcemia after being
diagnosed with azotemic CKD (RDHCa group, n = 10). Quadratic terms for time (time2) were included in initial models to account for potential
nonlinear changes of variables over time, and subsequently removed if not significant

(A) β (month) SE 95% CI P-value β (month2) SE 95% CI P-value

Ionized calcium (mmol/L) 0.006 0.005 −0.003 to 0.015 .18

Total calcium (mg/dL) 0.014 0.044 −0.080 to 0.099 .75

ln PTH (pg/mL) 0.002 0.010 −0.018 to 0.022 .81

ln Phosphate (mg/dL) −0.064 0.026 −0.116 to (−0.014) .02 0.006 0.003 0.001-0.011 .04

Ca × P (mg2/dL2) −0.186 0.382 −0.988 to 0.560 .63

ln Creatinine (mg/dL) −0.013 0.006 −0.026 to (−0.001) .04

ln FGF23 (pg/mL) −0.035 0.022 −0.081 to 0.009 .13

Potassium (mmol/L) −0.120 0.035 −0.187 to (−0.050) <.01 0.011 0.003 0.004-0.017 <.01

Sodium (mmol/L) −0.039 0.066 −0.168 to 0.094 .56

Albumin (g/dL) 0.007 0.004 −0.001 to 0.014 .11

Total protein (g/dL) 0.011 0.012 −0.013 to 0.034 .37

HCO3- (mEq/L) −0.181 0.072 −0.325 to (−0.039) .02

pH −0.002 0.001 −0.004 to 0.000 .1

Body weight (kg) −0.015 0.005 −0.025 to (−0.005) <.01

(B) β (month) SE 95% CI P-value β (month2) SE 95% CI P-value

Ionized calcium (mmol/L) −0.056 0.013 −0.081 to (−0.030) <.01

Total calcium (mg/dL) −1.133 0.204 −1.524 to (−0.719) <.01 0.158 0.042 0.073-0.239 <.01

ln PTH (pg/mL) 0.322 0.078 0.147 to 0.476 <.01

ln phosphate (mg/dL) −0.026 0.023 −0.072 to 0.022 .29

Ca × P (mg2/dL2) −2.83 1.18 −5.21 to (−0.398) 0.019 .03

ln Creatinine (mg/dL) −0.003 0.016 −0.035 to 0.029 .87

ln FGF23 (pg/mL) −0.167 0.118 −0.407 to 0.072 .19

Potassium (mmol/L) −0.045 0.023 −0.089 to 0.003 .07

Sodium (mmol/L) 0.040 0.186 −0.345 to 0.042 .83

Albumin (g/dL) 0.008 0.016 −0.025 to 0.042 .65

Total protein (g/dL) 0.001 0.036 −0.076 to 0.071 .98

HCO3
− (mEq/L) −0.205 0.189 −0.576 to 0.197 .31

pH −0.005 0.005 −0.013 to 0.004 .31

Body weight (kg) −0.018 0.025 −0.068 to 0.034 .5
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times of 1.6 and 2.1 months, with decreases in ionized calcium concen-

tration from 1.76 to 1.52 mmol/L and 1.47 to 1.41 mmol/L, respec-

tively. Ca × P never exceeded 70 mg2/dL2 during follow-up for any cat

in this group. No significant changes in BCS or MCS were observed

during the follow-up period (P ≥ .98, data not shown). Two cats had

decreased activity levels while they had ionized hypercalcemia. Only

1 of these cats subsequently became normocalcemic, and the activity

level of this cat was noted to improve.

4 | DISCUSSION

We found that attenuation of dietary phosphate restriction and a

lower dietary Ca : P ratio led to a significant reduction in blood

ionized and total calcium concentrations in cats that developed

ionized hypercalcemia when fed a clinical RD. However, no signif-

icant change in calcium concentrations was observed overall in

cats that were already hypercalcemic at diagnosis of azotemic

F IGURE 2 Change in blood ionized calcium concentrations (A), plasma total calcium (B), PTH (C), and phosphate concentrations (D) over time
in cats with ionized hypercalcemia at diagnosis of azotemic CKD (BHCa, n = 11) and cats that developed ionized hypercalcemia during the course
of CKD (RDHCa, n = 10) that were transferred to a moderately protein and phosphate restricted diet. Reference intervals are shown with a
shaded area where applicable. Because of a very small number of data points occurring after the 6 month time point in the RDHCa group, only
data up until 6 months were included in the model for this group
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CKD when started on the same moderately phosphate-

restricted diet.

For cats that became hypercalcemic while eating RD, a signifi-

cant decrease in ionized and total calcium concentrations was

observed after transfer onto MP diet. Plasma phosphate and

FGF23 concentrations did not change significantly. This observa-

tion might indicate firstly that feeding RD (at least in part) under-

lies the development of hypercalcemia in these cats, and secondly

that transfer onto a less phosphate-restricted diet normalizes cal-

cium status without causing overt hyperphosphatemia or continu-

ing increases in FGF23 concentrations over time in these cats;

although occasional individual cats did show increases of plasma

phosphate to above the upper limit of the IRIS stage-specific tar-

get range. The significant increase in plasma PTH seems likely to

be secondary to normalization of blood ionized calcium concen-

tration. Plasma PTH concentration was suppressed to be below

the lower limit of detection in 5 of the 6 cats where this informa-

tion was available at the baseline visit and never exceeded the

reference interval for 8/10 cats for the duration of the study.

These changes are compatible with our understanding of the

physiological relationship between PTH and ionized calcium

concentration.

The reason for this apparent diet effect is unclear and it may

be multifactorial. Notable differences between the prior RD and

MP include their phosphate concentration, their calcium concen-

tration, Ca : P ratio, and fiber content. Previous studies have

shown that both the form of phosphate (organic versus inorganic)

and the Ca : P ratio in diets for cats have significant influences on

serum and urinary phosphate concentrations, and on renal func-

tion.19,20 However, these studies have focused on relative dietary

phosphate excess, because of either higher concentrations of bio-

available inorganic phosphate, or because of a low Ca : P ratio

resulting in more unbound phosphate available for absorption.

The RD has a lower phosphate concentration and a higher Ca : P

ratio than the MP. Our study suggests that it is possible that in

some cats, hypercalcemia develops secondary to excessive intes-

tinal calcium absorption associated with an increased dietary

Ca : P ratio. This may then be ameliorated by switching to a diet

with a higher dietary phosphate concentration and lower Ca : P

ratio, resulting in increased calcium binding in the intestinal lumen

and decreased calcium absorption. A high dietary Ca : P ratio may

therefore be an important risk factor for a subset of cats with

CKD that are prone to ionized hypercalcemia. However, alterna-

tive causes of ionized hypercalcemia because of bone resorption

or renal reabsorption cannot be completely excluded.

Another possible dietary factor associated with ionized

hypercalcemia could be fiber content. Increased fiber to slow

transit time and bind luminal calcium has been proposed as a

strategy in the management of idiopathic hypercalcemia (IHC),21

although not all affected cats respond to this intervention.22 The

RD has a lower crude and total fiber content than the MP; there-

fore, fiber content may have contributed to the changes seen in

our study. Both diets had similar reported concentrations of

vitamin D, but serum concentrations of 25-hydroxyvitamin D and

1,25-dihydroxyvitamin D were not evaluated directly and there-

fore it is not possible to rule out induced differences in vitamin D

metabolism between the diets. Future studies should consider

direct measurement of vitamin D metabolites to elucidate all of

the CKD-MBD variables involved in dietary effects on ionized

hypercalcemia. Vitamin A has been shown to influence bone

resorption in rodent models23 and to decrease serum calcium con-

centrations in humans.24 However, the concentrations of this

vitamin were similar between RD and MP, and therefore it seems

unlikely that vitamin A concentrations were driving the changes

seen in ionized calcium concentrations in the RDHCa group in our

study. The MP diet did not significantly change calcium concen-

trations in the cats that were already hypercalcemic at diagnosis

of CKD. Additionally, no change in PTH concentrations was

observed in this group, although plasma phosphate concentra-

tions did significantly decrease. No attempt was made to clarify

the mixture of diets these cats had been receiving before transi-

tion onto MP except confirming that none were receiving a clini-

cal RD. Therefore, this decrease in plasma phosphate

concentration likely reflects a decrease in dietary phosphate

intake on the MP compared to previous diets. Two cats had

plasma phosphate concentrations above the IRIS stage-specific

targets and these cats had Ca × P > 70 mg2/dL2, which is consid-

ered a risk factor for soft tissue mineralization.25 However, the

majority of this group maintained Ca × P < 70 mg2/dL2 and the

moderate dietary phosphate restriction was not associated with a

worsening of their hypercalcemia.

The disparity in the response to feeding the MP diet between

the BHCa and RDHCa groups in our study suggests that there

may be physiological differences between cats that have ionized

hypercalcemia before the onset of azotemic CKD and those that

appear sensitive to developing hypercalcemia after introduction

of a phosphate-restricted renal diet. This possibility highlights the

importance of measuring ionized calcium concentration at diagno-

sis and at subsequent visits in cats with CKD. No attempt was

made retrospectively to diagnose the underlying causes of the

hypercalcemia seen in the BHCa group cats in our study. The cau-

ses are likely to have varied, given the range of PTH concentra-

tions observed in this group and the variation in response of

ionized calcium concentrations among individual cats over time.

Concepts associated with the diets and ionized calcium concen-

trations seen in our study may be applicable to cats with IHC,

which appears to be on the increase as a common cause of hyper-

calcemia in cats.22,26 Additional studies would be required to clar-

ify the response of these cats to different dietary calcium and

phosphate concentrations, but it may be prudent to monitor ion-

ized calcium concentrations carefully in IHC cats started on

phosphate-restricted or high Ca : P ratio diets in case of exacerba-

tion of their hypercalcemia.

Neither group of cats experienced an increase in plasma creati-

nine concentration during the study, and 20/21 cats had <25%

change in their plasma creatinine concentration, suggesting that they
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did not have clinically relevant progression of their CKD during this

period.10 The cats that were hypercalcemic at baseline were noted to

have a significant decrease in bicarbonate and potassium concentra-

tions and a decrease in body weight over time. The significant change

in body weight was not accompanied by significant decreases in either

BCS or MCS, but this may be because these more subjective mea-

sures may be underpowered to detect changes in this small group of

cats. Weight loss has been noted to occur both before and after a

diagnosis of azotemic CKD27 and is of concern in older cats. Weight

loss was not seen in the RDHCa group, but this may reflect the

shorter follow-up period on MP for this group or it may be that the

etiologies of the ionized hypercalcemia seen in the BHCa group could

have directly contributed to the weight loss seen (eg, because of

decreased appetite). Our retrospective study did not include any mea-

surement of food ingested by the cats, but this should be considered

in future studies alongside careful body weight monitoring. The signif-

icant change in bicarbonate concentrations might be because of

the transition onto MP, which is a moderately acidifying diet, but

dietary information for the prior foods eaten by this group was not

available to confirm this possibility. Cats with late stage CKD are at

risk of metabolic acidosis, but 9 of 11 cats in the BHCa group were

in IRIS stage 2 CKD during the study period, making this a less

likely cause of these changes. Interestingly, plasma potassium con-

centrations changed significantly in this group over time, but these

changes were nonlinear, showing an initial decrease and subse-

quent increase. Clinically, these changes were small and largely not

considered of concern for any individual cat and the later increase

in plasma potassium concentration may be a result of the death of

1 particularly hypokalemic cat just after the 4 month time point.

Our study was limited by the small number of cats involved and

these changes were not observed in the RDHCa group, but statisti-

cal comparison of the groups was considered invalid and not per-

formed given that these were 2 individual cohorts of cats that

were not deemed directly comparable.

Our study had some limitations. As a retrospective study, albeit in

a population of cats managed in a consistent manner, there were fac-

tors such as the previous diets of the BHCa cats and the time

between visits that were not controlled for. Additionally, the BHCa

cats only had to have ionized hypercalcemia documented on 1 occa-

sion to be included in that group and the RDHCa cats only had to

have ionized hypercalcemia documented once if >1.5 mmol/L to be

transitioned onto RD. As such, some cats may have been included in

both groups that would only have had transient hypercalcemia. Given

the documentation of transient mild hypercalcemia observed in

11 cats on RD (that were not included in the study population), future

studies should aim to ensure that cats are persistently hypercalcemic

before making interventions.

Our study did not include a control group. One cat with ionized

hypercalcemia was documented to have remained on RD exclu-

sively in the long term and this cat remained hypercalcemic, but

based on this 1 cat alone, it is not possible to conclude this would

be the case generally. This prevents us from conclusively determin-

ing that the changes observed in variables over time were truly the

result of feeding the MP diet, and precludes assessment as to

whether this diet change affects survival time. However, there

would be concerns about continuing to feed RD in the longer term

once cats have been shown to have developed persistent ionized

hypercalcemia, although the same diet has been shown to improve

survival time for the majority of cats with azotemic CKD.11 Previ-

ous survival studies did not identify calcium as a risk factor for

death in cats with CKD.9,11,28 Nonetheless, hypercalcemia could

further decrease glomerular filtration rate,29,30 has been associated

with calcium oxalate nephrolithiasis in cats,21 and calcium is associ-

ated with increased mortality31,32 and vascular calcification33 in

human CKD patients. Clinical signs of hypercalcemia were minimal

in our study, and it was difficult to conclusively prove they were

attributable to the increased plasma calcium concentrations. At the

present time, it remains to be determined if hypercalcemia causes

a clinical problem in cats with CKD.

In conclusion, cats that appear to have ionized hypercalcemia

induced by feeding a phosphate-restricted and high Ca : P ratio clinical

RD experience resolution of their hypercalcemia after transition onto

MP, a less phosphate-restricted diet with a lower Ca : P ratio, and this

outcome was not associated with significant changes in kidney func-

tion during the study period. Moderate dietary phosphate restriction

with MP did not result in significant changes in plasma calcium con-

centrations in cats that had ionized hypercalcemia at the time of azo-

temic CKD diagnosis, but plasma phosphate concentrations did

decrease in this group. Future studies should consider the heteroge-

neity that appears to be present in cats with ionized hypercalcemia

and azotemic CKD, attempt to investigate these differences further,

and assess whether long-term hypercalcemia has a negative health

effect in cats with CKD.
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