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Relationship Between Urinary Phosphate
and All-Cause and Cardiovascular
Mortality in a National Population-Based
Longitudinal Cohort Study
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Kevan R. Polkinghorne, MBChB, FRACD, PhD:i:’S’TT

Obijectives: High dietary phosphate intake may lead to adverse outcomes including cardiovascular disease (CVD). Urinary phosphate
excretion, a marker of intestinal phosphate absorption, may be a more reliable marker of phosphate homeostasis in steady state than
serum phosphate. Studies report good agreement between urine phosphate-to-creatinine ratio (uPiCr) and 24-hour urinary phosphate;
however, whether uPiCr is associated with increased risk of CVD or mortality remains uncertain. This study aimed to assess the relation-
ship between uPiCr and all-cause and CVD mortality.

Design and Methods: This is an observational longitudinal cohort study using data from the population-based national Australian
Diabetes, Obesity and Lifestyle study (n = 10,014 participants). Non-linear association between uPiCr and all-cause and CVD mortality
was assessed using fractional polynomial transformations. Cox proportional hazards regression models were used to estimate adjusted
hazard ratios for all-cause and CVD mortality.

Results: Median age [interquartile range] was 50 [41-62] years, and 46% were male. Median uPiCr was 1.38 [1.02-1.79] mmol/mmol.
Median follow-up time was 16.9 years with 1,735 deaths. uPiCr was associated with all-cause and CVD mortality in univariate models
and when adjusted for age and gender. However, associations were not significant in multivariate models. Sensitivity analyses excluding
participants with chronic kidney disease (CKD) revealed a significant J-shaped association between uPiCr and all-cause mortality. Urine
phosphate alone showed an association with increased all-cause mortality in a similar J-shape relationship.

Conclusion: Although no association between uPiCr and all-cause and CVD mortality was observed in multivariate analyses in the
whole cohort, a significant relationship between uPiCr and mortality in those without CKD suggests that uPiCr may have predictive val-
idity for future adverse outcomes in people with no CKD.

Keywords: cardiovascular disease; chronic kidney disease; dietary phosphate; mineral metabolism; mortality; phosphate; urinary
phosphate excretion
© 2021 by the National Kidney Foundation, Inc. All rights reserved.

Introduction
HOSPHATE HOMEQOSTASIS IS essential for normal
cellular function in many living organisms. In humans,
the majority of phosphate is stored in bone as hydroxyapa-
tite, and less than 1% is extracellular.' In good health, the
kidneys are largely responsible for maintaining normal

extra-cellular phosphate concentrations,” with intestinal
absorption and flux from bone being the main determi-
nants of the phosphate load filtered by the kidneys.” The
exact regulatory mechanisms of phosphate homeostasis
however remain poorly understood. Complex and inter-

connected kidney and bone endocrine and paracrine
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pathways are involved which are, in part, regulated by para-
thyroid hormone, 1,25-dihydroxyvitamin D (calcitriol),
and fibroblast growth factor-23 (FGF-23)."?

Phosphate deficiency is associated with muscle weakness,
impaired leukocyte function, and abnormal bone mineral-
ization.” Conversely, phosphate excess has been associated
with secondary hyperparathyroidism, vascular calcification,
endothelial dysfunction, cardiovascular disease (CVD), and
increased cell senescence.”'" Elevated serum phosphate
levels are independent risk factors for CVD and all-cause
mortality in advanced chronic kidney disease (CKD).'>"”
More recently, observational studies in healthy individuals
or those with CVD but normal kidney function have re-
ported an independent and positive association between
serum phosphate levels and increased risk of incident
CVD, all-cause mortality, and progression of kidney
impairment. 120

In steady state, urinary phosphate excretion (UPE), as
measured by 24-hour urine collection, is a reliable marker
of intestinal phosphate absorption and has been used to
examine effects of phosphate lowering interventions in pa-
tients with CKD.”' Fractional excretion of phosphate
(FePi) is a measure of renal phosphate excretion relative
to serum phosphate levels, and both UPE and FePi may
be helpful surrogate markers for disorders of phosphate ho-
meostasis in clinical practice.”” Timed urine collections are
inconvenient and prone to error, particularly from inade-
quate collection. Some, but not all, previous studies report
reasonable agreement between spot urine phosphate-to-
creatinine ratio (uPiCr) and 24-hour UPE, and a spot uP-
iCr ratio may permit reliable and rapid estimation of daily
UPE.” ™ In a population study in which participants
should generally be in a steady state of phosphate
turnover, this would more than likely be true.

Dietary phosphate intake is only weakly linked to serum
phosphate levels and the relationship between phosphate
intake and adverse outcomes remains unclear.””” Several
studies have reported associations between phosphate
intake and adverse outcomes in both CKD and general
population cohorts.” >’ The small number of studies that
have examined phosphate excretion, either 24-hour UPE
or uPiCr, have reported conflicting associations with all-
cause and CVD mortality.”" ' We examined the
relationship between UPE, determined by uPiCr, and all-
cause and CVD mortality in a large, population-based
cohort from the Australian Diabetes, Obesity and Lifestyle
study (AusDiab). We hypothesized that in a general popu-
lation cohort, elevated UPE would be associated with
increased adverse outcomes.

Methods
Study Design and Population
The AusDiab study is a national population-based longi-
tudinal study with baseline examinations conducted be-
tween May 1999 and December 2000. Its primary aim is

to evaluate the prevalence of diabetes, obesity, and CVD
risk factors in Australian adults aged =25 years. Survey
methods and sample collection have been previously
described in detail.”” In brief, a population-based sample
was obtained using a stratified sampling cluster method.
A total of 20,237 adults completed the household inter-
view, and 11,247 (55.3%) presented for the on-site exami-
nation. Participants provided informed consent, and the
Human Research Ethics Committees of the International
Diabetes Institute, Alfred Hospital, and the Australian Insti-
tute of Health and Welfare approved the study. For this
analysis, participants were excluded from the current anal-
ysis if they were pregnant, had missing or implausibly high
uPiCr values (uPiCr >8 mmol/mmol), had a missing date
of death, or had missing values for any of the covariates
included in the final models.

Study Measurements

Details of the biomedical tests in the AusDiab study have
been previously reported.” > Participants who attended a
testing site at baseline underwent a physical examination
and had a fasting blood sample and random morning spot
urine collected. Demographic data and information were
collected using standardized interviewer-administered
questionnaires. Hypertension was defined as a systolic
blood pressure =140 mm Hg or a diastolic blood pressure
=90 mm Hg. Height, weight, and waist circumference
were calculated using standard procedures. Body mass in-
dex was calculated from weight and height measurements,
with obesity defined as a body mass index =30 kg/m>.
Standard World Health Organization criteria for the diag-
nosis of abnormal glucose metabolism were used. Diabetes
was diagnosed on the basis of fasting plasma glucose level
=7.0 mmol/L (126.1 mg/dL), 2-hour plasma glucose level
=11.1 mmol/L (200 mg/dL), or current treatment with
insulin or oral hypoglycemic medication. Smoking status
was self-reported. Cholesterol and triglyceride levels were
measured on fasting serum samples and assessed as contin-
uous variables. CVD at baseline was assessed by a question-
naire using standard questions which were repeated and
then adjudicated. Dietary phosphate intake was assessed
through a validated self-administered questionnaire, the
Anti-Cancer Council of Victoria Dietary Questionnaire.”®
Leisure time physical activity was reported for the previous
week as none, insufficient (1-149 minutes), and sufficient
(=150  minutes), using the Active Australia
Questionnaire.37

Laboratory Measures

Blood and urine specimens were centrifuged on-site,
transported to a central laboratory, and stored at —80°C un-
til analysis. Urine albumin was measured by rate nephelom-
etry using a Beckman Array (Beckman Coulter, Inc., Brea,
CA) in fresh urine samples at the time of original collection
before freezing for storage. Urine creatinine (uCr) was
measured by the modified kinetic Jaffe reaction using the
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Olympus AU600 auto-analyzer, with a coefticient of vari-
ation (CV) of 9.9% at 7.5 mmol/L. Albuminuria was
defined as urine albumin-to-creatinine ratio (ACR)
=2.5 mg/mmol in males and =3.5 mg/mmol in females.
Urine phosphate (uPi) was measured in thawed stored sam-
ples using molybdate by a photometric ultraviolet method
on an AU5812 Chemistry Analyzer (Beckman Coulter,
Inc.); the CVs for uPi were 4.8% at 4.35 mmol/L, 3.8%
at 12.6 mmol/L, and 3.4% at 24.3 mmol/L. Serum creati-
nine (Cr) was measured using an isotope dilution mass spec-
trometry aligned enzymatic method (Roche Modular;
Roche Diagnostics, North Ryde, NSW, Australia). Esti-
mated glomerular filtration rate (eGFR) was calculated us-
ing the CKD Epidemiology Collaboration equation,””
with impaired eGFR defined as an eGFR <60 mL/min/
1.72 m?, consistent with CKD stage 3a or higher. Serum
25-hydroxyvitamin D was measured using a direct compet-
itive chemiluminescent immunoassay on a LIAISON
analyzer (DiaSorin Inc., Stillwater, MN) with an inter-
assay CV of 7.0% at 45 nmol/L and 6.3% at 93 nmol/L.

Mortality and Cardiovascular Outcomes

Mortality status and cause(s) of death were obtained from
the National Death Index using methods previously
described.”” Follow-up for all-cause and CVD mortality
was to the date of death or April 17, 2017, whichever
occurred first. CVD mortality was defined by an underly-
ing cause of death coded I110-125, 146.1, 148, 150-199, or
R96 according to the 2006 International Classification of
Diseases 10th revision. In cases where the underlying cause
of death was uncomplicated diabetes (E109, E119, or E149)
or unspecified hyperlipidemia (E785), CVD was consid-
ered to be the cause of death if any of the CVD codes
(I10-125, 146.1, 148, 150-199, or R96) were recorded in
the first position on the death certificate.

Statistical Analysis

Differences in baseline characteristics of the study popu-
lation were compared across increasing quartiles of uPiCr.
Continuous and categorical variables were assessed using
one-way analysis of variance and chi-squared tests, respec-
tively. Based on previously published literature” ™’ we
hypothesized that a non-linear association, potentially U-
shaped relationship, exists between uPiCr and mortality.
This was formally tested with fractional polynomial trans-
formations, which are a special case of the conventional
polynomial. " First-degree fractional polynomial functions
are monotonic and second-degree fractional polynomial
functions can represent a variety of curve shapes with at
most one maximum or minimum. Here, a predefined set
of unique and repeated powers of the continuous predictor
are chosen (where the powers [p] are —2, —1, —0.5, 0, 0.5,
1,2, 3), and then are formally compared to the linear model
with a closed test procedure (the fp command in Stata).
Comparison of the final selected fractional polynomial of

uPiCr to the linear form was assessed using a likelihood ra-
tio test.

After initial testing, the best fitting function form for the
relationship between uPiCr and mortality was the
second-degree fractional polynomial transformation 0.5,
0.5 (P <.001 compared to the linear model), formally rep-
resented by x”, "5 log x, where x represents the contin-
uous covariate, in this case uPiCr. The second-degree
fractional polynomial transformed uPiCr variables were
used for all subsequent analyses. As the hazard ratios for
the transtormed uPiCr variables are themselves not directly
interpretable, model results are presented in 2 ways. First,
the non-linear relationship between uPiCr and the out-
comes of interest was plotted graphically using the
model-based coefficients and second, representative hazard
ratios were calculated across the range of uPiCr values in the
study population, with the 25th centile acting as the refer-
ence value. Cox proportional hazards regression models
were constructed to estimate all-cause and CVD mortality
hazard ratios. Proportional hazards assumptions were satis-
fied for all variables except participant age and therefore all
models were additionally stratified by participant age group
(25-34, 35-44, 45-54, 55-64, 65-74, =75 years). We con-
structed 3 models: model 1 (age stratified, unadjusted),
model 2 (age stratified, adjusted for age and gender), and
model 3 (age stratified, adjusted for gender, age, dietary
phosphate intake, eGFR, urine ACR, diabetes status, sys-
tolic and diastolic blood pressure, CVD, waist-to-hip ratio,
smoking status and serum cholesterol, triglyceride, 25(OH)
D levels). Urine ACR and triglyceride levels were log-
transformed to ensure a normal distribution prior to
analysis.

Finally, 2 sensitivity analyses were performed. First, we
assessed the relationship of uPi concentrations alone (not
corrected for uCr concentration) on mortality. Second,
we reassessed the uPiCr mortality relationship in a sub-
group which was free of CKD at baseline (CKD defined
as an eGFR. <60 mL/min/1.72 m” with or without albu-
minuria or an eGFR =60 mL/min/1.72 m” with albumin-
uria). This sensitivity analysis was performed to exclude
people with CKD where phosphate homeostasis may be
impaired and instead analyze a subgroup with normal kid-
ney function ideally expected to be in steady state. Also, uP-
1Cr measurement may not be an accurate determination of
phosphate balance and correlates well with 24-hour UPE in
those with CKD.” All analyses were conducted using Stata
version 15.1 (Stat Corp, College Station, TX).

Results
A total of 11,247 participants attended the baseline Aus-
Diab survey. Of these, 131 had missing and 3 had extreme
(>8 mmol/mmol) uPiCr values; 58 were pregnant at the
time of the survey; 9 were identified as deceased at subse-
quent follow-up but did not have a date of death recorded,;
and a further 1,032 participants had missing values for one
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Eligible to participate
in study
(n=20,335)

Declined to

Completed household
interview
(n=20,237)

Participated in
physical examination
(n=11,247)

participate
(n=98)

© uPiCr>8(n=3)
® uPiCr missing (n = 131)
e Pregnant (n = 58)

Final study
population
(n=10,014)

o No date of death (n=9)
® Missing values for
study co-variates (n = 1032)

Figure 1. Population flow during the study period and determination of final cohort. uPiCr, urine phosphate-to-creatinine ratio.

or more of the covariates included in the final models. After
excluding these, 10,014 participants were left for analysis
(Fig. 1).

Baseline characteristics of the overall cohort, as well as
stratified by quartiles of uPiCr, are presented in Table 1.
The distribution of uPiCr of the study cohort is shown in
Figure S1, with a median value (interquartile range) of
1.38 [1.02-1.79] mmol/mmol. The majority of the study
cohort had a uPiCr between 0.5 and 2.5 mmol/mmol.

Opverall, the median age [interquartile range] of partici-
pants was 50 [41-62] years, 46% were male, 33.1% had a
diagnosis of hypertension, 8.5% had diabetes mellitus, and
8.4% had CVD. Participants with a higher uPiCr quartile
were older, more likely to be female, and had a higher prev-
alence of diabetes, CVD, and hypertension. Kidney func-
tion differed significantly across the quartiles and
decreased as uPiCr quartile increased, although the absolute
difference was not large. The proportion of participants
with albuminuria increased 60% between those in the
lowest quartile compared to the highest (5.9 vs. 9.9%). Di-
etary phosphate intake was inversely related to uPiCr, with
lower dietary intake in participants with higher uPiCr.

People with CKD (n = 991) had higher uPiCr compared
to those without CKD (1.56 = 0.67 vs. 1.43 = 0.61 mmol/
mmol, P < .001) but lower uPi (17.16 * 9.7 wvs.
19.36 £ 10.4 mmol, P <.001) and lower dietary phosphate
intake (19.4 = 38.5 vs. 31.7 = 48.0 mg/day, P <.001).

All-Cause Mortality

During a median follow-up of 16.9 years, there were
1747 deaths, representing a crude mortality rate of 190.4
per 1,000 person-years of follow-up. A J-shaped relation-

ship was demonstrated between uPiCr and all-cause mor-
tality in the unadjusted and age- and gender-adjusted
models (Tables 2 and 3) with increasing risk of death at
low and high uPiCr values with a nadir of uPiCr at
1.0 mmol/mmol. Representative hazards ratios, referenced
to a uPiCrat 1.0 mmol/mmol, are presented in Table 2. Af-
ter full adjustment in the multivariable model, the associa-
tion between uPiCr and all-cause mortality was attenuated
and no longer significant (Tables 2 and 3, Fig. 2A).

Cardiovascular Disease Mortality

During a median follow-up of 13.6 years, there were 518
deaths due to CVD, representing a crude mortality rate of
39.6 per 1,000 person-years of follow-up. Similarly, for
CVD mortality both low and high uPiCr was significantly
associated with CVD mortality in the unadjusted and age-
and gender-adjusted model (Tables 2 and 3). Similarly, after
full adjustment in the multivariable model the relationship
between uPiCr and CVD mortality was no longer signifi-
cant (Tables 2 and 3, Fig. 2B).

Sensitivity Analyses

In the first sensitivity analysis, we explored the relation-
ship between uPi concentrations alone and all-cause and
CVD mortality. The distribution of uPi of the study cohort
is shown in Figure S2. Again, a non-linear J-shape relation-
ship was demonstrated (P =.019 vs. the linear model) be-
tween uPi and all-cause mortality in the unadjusted and
age- and gender-adjusted models (Table S1). In the multi-
variable model, the association with uPiCr was attenuated
but remained significant at increasing uPi values (Table
S1, Figure S3A). Representative hazards ratios, referenced
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Table 1. Baseline Cohort Characteristics: Overall AusDiab Cohort and Stratified by Quartiles of Urine Phosphate/Creatinine

Ratio
Quartile 1 Quartile 2 Quartile 3 Quartile 4

Characteristic Overall (<1.02) (1.02t0 <1.38) (1.38 to <1.79) (=1.79) P Value
uPiCr (mmol/mmol) 1.38[1.02-1.79] 0.79[0.60-0.92] 1.21[1.12-1.30] 1.57 [1.47-1.67] 2.12[1.93-2.42] <.001
Age (y) 50 [41-62] 45 [37-55] 50 [40-61] 52 [42-63] 54 [45-67] <.001
Male sex (%) 4,610 (46.0) 1,456 (57.9) 1,279 (51.2) 1,120 (44.4) 755 (30.5) <.001
Smoker (%) 1,591 (15.9) 435 (17.3) 377 (15.1) 388 (15.4) 392 (15.8) .16
BMI (%) 26.4 [23.6-29.6] 26.4 [23.7-29.1] 26.5[23.8-29.3] 26.4 [23.5-29.6] 26.2 [23.3-29.7] .21
SBP (%) 129.7 (18.9) 128.2 (17.1) 129.9 (18.6) 130.1 (19.0) 130.8 (20.5) <.001
DBP (%) 70.4 (11.8) 71.2 (11.5) 71.2 (11.6) 70.1 (12.0) 68.9 (11.9) <.001
Hypertension (%) 3,330 (33.1) 725 (26.9) 822 (32.8) 889 (35.1) 940 (37.8) <.001
DM (%) 847 (8.5) 115 (4.6) 180 (7.2) 241 (9.5) 311 (12.6) <.001
CVD (%) 841 (8.4) 168 (6.7) 201 (8.0) 201 (8.0) 222 (10.1) <.001
IHD (%) 685 (6.8) 146 (5.8) 161 (6.5) 176 (7.0) 202 (8.2) .009
eGFR (mL/min/1.73 m?) 95.6 + 17.1 97.9 = 16.0 95.0 +17.1 94.5 +17.5 94.8 +17.6 <.001
CKD* (%) 991 (9.9) 184 (7.3) 230 (9.2) 273 (10.8) 304 (12.3) <.001
UACR (mg/mmol) 0.57 [0.40-1.01] 0.52[0.37-0.89] 0.54[0.39-0.95] 0.57[0.41-1.00] 0.68[0.46-1.28] <.001
Cholesterol (mmol/L) 5.66 *= 1.07 5.58 + 1.09 5.67 + 1.08 5.66 + 1.03 5.73 +1.07 <.001
Triglycerides (mmol/L) 1.29[0.90-1.90] 1.30[0.92-1.95] 1.30[0.91-1.93] 1.27[0.87-1.89] 1.20[0.83-1.88] <.001
Serum 25(0OH)D (nmol/L) 64.0 + 24.7 65.6 = 25.2 64.7 = 24.6 63.6 = 24.6 62.0 + 24.1 <.001
Sufficient exerciset (%) 5,219 (52.1) 1,433 (57.0) 1,313 (52.6) 1,277 (50.6) 1,196 (48.3) <.001
Dietary phosphate intake (mg/d) 9.4 [0.9-41.3] 11.4[0.9-45.9] 10.7 [1.0-43.6] 8.3 [0.6-40.5] 7.1[0.6-35.5] <.001
All-cause mortality (%) 1,735 (17.3) 314 (12.5) 398 (15.9) 451 (17.9) 572 (23.1) <.001
Cardiovascular mortality (%) 518 (5.2) 100 (4.0) 102 (4.1) 136 (5.4) 180 (7.3) <.001

Continuous variables are presented as median [interquartile range], mean + standard deviation, or categorical n (%).
25(0OH)D, 25-hydroxyvitamin D; AusDiab, Australian Diabetes, Obesity and Lifestyle study; BMI, body mass index; CKD, chronic kidney dis-

ease; CVD, cardiovascular disease; DBP, diastolic blood pressure; DM,

diabetes mellitus; eGFR, estimated glomerular filtration rate; IHD,

ischemic heart disease; SBP, systolic blood pressure; uACR, urinary albumin-to-creatinine ratio; uPiCr, urinary phosphate-to-creatinine ratio.
*CKD defined as eGFR <60 mL/min/1.73 m? or uACR =3 if eGFR =60 mL/min/1.73 m2.

TExercise was classified as sufficient physical activity >150 min/wk.

toauPiat 1.4 mmol (25th centile) are presented in Table S2.
As for all-cause mortality, uPi concentration was significantly
associated with CVD mortality in the unadjusted model and
age- and gender-adjusted model but not in the multivariable
model (Tables S1 and S2, Figure S3B).

In the second sensitivity analysis, we repeated the main
analysis after excluding 991 participants with baseline
CKD to exclude participants who may have impaired phos-
phate homeostasis (due to reduction in kidney function). In
contrast to the main analysis, in all models the relationship

Table 2. All-Cause and Cardiovascular Disease Mortality as a Function of Urine Phosphate-to-Creatinine Ratio

All-Cause Mortality

CVD Mortality

uPiCr (mmol/mmol) Model 1* Model 2+

Model 3%

Model 1* Model 2+ Model 3+

0.5 1.17 (1.05-1.30) 1.10(0.98-1.22)  1.03 (0.92-1.15) 1.36(1.13-1.63) 1.21(1.00-1.46)  1.08 (0.90-1.31)
0.7 1.07 (1.02-1.13)  1.04 (0.98-1.09) 1.00 (0.96-1.06) 1.14 (1.05-1.25) 1.08 (0.99-1.18)  1.03 (0.94-1.13)
1.0 Reference Reference Reference Reference Reference Reference

1.4 0.98 (0.94-1.02) 1.00(0.96-1.04) 1.01 (0.97-1.05) 0.94 (0.88-1.01)  0.98 (0.91-1.05)  1.01 (0.94-1.08)
1.8 0.99 (0.93-1.13) 1.03(0.97-1.10)  1.04 (0.98-1.11)  0.96 (0.86-1.08)  1.01 (0.90-1.14)  1.05 (0.93-1.18)
2.2 1.04 (0.95-1.13) 1.08 (0.99-1.19)  1.08 (0.98-1.18)  1.02 (0.88-1.19)  1.07 (0.92-1.27)  1.11 (0.94-1.30)
3.0 1.18 (1.01-1.37) 1.23(1.06-1.42) 1.17 (1.01-1.37) 1.25(0.97-1.60) 1.28 (1.00-1.64) 1.27 (0.98-1.65)
4.0 144 (1.12-1.86) 1.48(1.16-1.88) 1.32(1.03-1.70) 1.74(1.16-2.59) 1.70 (1.15-2.47)  1.54 (1.02-2.33)
5.0 1.82 (1.25-2.63) 1.81(1.28-2.57) 1.50(1.03-2.16) 2.54 (1.43-4.50) 2.30(1.33-3.95) 1.91 (1.06-3.44)
6.0 2.31(1.41-3.80) 2.24(1.41-3.60) 1.70(1.04-2.78) 3.80(1.77-8.19) 3.18 (1.55-6.50)  2.39 (1.09-5.21)

25(0OH)D, 25-hydroxyvitamin D; CVD, cardiovascular disease; eGFR,

creatinine ratio.

Data are presented as hazard ratios (95% confidence intervals). Hazard ratios are calculated from the model In(HR) = (8,

estimated glomerular filtration rate; uPiCr, urinary phosphate-to-

X [uPiCr]*?)+

(8, X [uPiCr]*® XIn[uPiCr]) +(8,Xx), where §,Xx represents the k other covariates in models 2 and 3. The referent for the model is 1.0 mmol/

mmol.
*Age stratified, unadjusted model.
tAge stratified, model adjusted for age and gender.

TAge stratified, model adjusted for age, gender, eGFR, albuminuria, diabetes status, systolic and diastolic blood pressure, CVD, cholesterol,

triglycerides, waist-to-hip ratio, smoking status, and serum 25(0OH)D level.
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Table 3. g Coefficients for 2-Term Fractional Polynomials for All-Cause and Cardiovascular Disease Mortality According to Urine
Phosphate-to-Creatinine Ratio

T . Model 1* Model 2+ Model 3+
wo-Term Fractional
Polynomial 6 Coefficient (95% Cl) P Value 6 Coefficient (95% CI) P Value g Coefficient (95% Cl) P Value
All-cause mortality
uPiCr [0.5]° —1.92 (—3.02 to —0.82) .001 —1.37 (-2.44 to —0.34) .01 —0.66 (—1.74 to 0.42) .23
uPiCr [0.5]° 0.82 (0.37-1.28) <.001 0.64 (0.21-1.07) .003 0.34 (—0.10 to0 0.78) 13
CVD mortality
uPiCr [0.5]° —3.46 (—5.21 to —1.71) <.001 —2.44 (-4.15t0 —0.73) .005 —1.37 (=3.13 t0 0.44) 14
uPiCr [0.5]° 1.45 (0.74-2.15) <.001 1.07 (0.39-1.75) .002 0.64 (—0.08 to 1.36) .08

25(0OH)D, 25-hydroxyvitamin D; Cl, confidence interval; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; uPiCr, urinary

phosphate-to-creatinine ratio.
All-cause mortality n = 10,014 and CVD mortality n = 10,002.
*Age stratified, unadjusted model.
TAge stratified, model adjusted for age and gender.

fAge stratified, model adjusted for age, gender, dietary phosphate intake, eGFR, albuminuria, diabetes status, systolic and diastolic blood pres-
sure, CVD, cholesterol, triglycerides, waist-to-hip ratio, smoking status, and serum 25(OH)D level.

Values in brackets represent the powers used in the second-degree factional polynomials where uPiCr [0.5, 0.5] represents: In(HR) =
(8, X[uPiCr]*®)+ (8, X[uPiCr]™* XIn[uPiCr]) +(8,Xx), Where 8, Xx represents the k other covariates in models 2 and 3.

between uPiCr and all-cause mortality remained significant
(Table S3). Representative hazards ratios, referenced to a
uPiCr at 1.0 mmol/mmol, are presented in Table S4 with
the plot of the model-based hazard ratios presented in
Figure 3A. For CVD mortality, the results in the non-
CKD-only population were unchanged compared to the
whole cohort main analysis (Tables S3 and S4, Figure S3B).

Discussion

In a large, population-based cohort study of Australian
adults, we did not demonstrate a relationship between uri-
nary phosphate, as measured by uPiCr, and all-cause and
CVD mortality on multivariate adjustment. In a sensitivity
analysis excluding participants with CKD, however, there
was a significant relationship between uPiCr and all-cause
mortality. Analysis of uPi alone also showed a similar signif-
icant association with all-cause mortality. The findings of
our study suggest that measurement of uPiCr could be a po-
tential marker for predicting adverse outcomes in the gen-
eral population with no evidence of CKD.

Serum phosphate levels reflect a highly dynamic balance
among dietary absorption, renal excretion, and exchanges
within bone, soft tissue, and intracellular phosphate stores.
Serum phosphate alone, however, provides a limited assess-
ment of risk associated with disturbances in phosphate
metabolism. Thus, other indices of mineral flux may pro-
vide important prognostic information with respect to
CVD and mortality risk. As a surrogate for daily UPE, uP-
iCr may be a marker for dietary phosphate intake in steady
state, which itself has been reported in studies to be associ-
ated with markers of CVD.””’ When participants with
CKD were excluded from our general population cohort,
therefore eliminating a sub-group who may have impaired
UPE through reduction in kidney function and subse-
quently abnormal phosphate homeostasis, extremes of
uPiCr, both high and low, were associated with increased

mortality. Although the nature of this relationship is similar
to that seen in the general population, the magnitude of ef-
fect and statistical significance suggest that uPiCr may
potentially serve as a useful marker for interventions aimed
at targeting phosphate balance in people with normal kid-
ney function and no albuminuria.

The results of our study are similar to previous analyses of
the Osteoporotic Fracture in Men study, where neither
fasting morning FePi measurement nor uPiCr were found
to predict all-cause or CVD mortality in 1,325
community-dwelling older men (>65 years) followed up
for a median of 9.3 years.”" In contrast, a subgroup analysis
of the Heart and Soul Study cohort, involving 880 patients
with stable CVD and normal kidney function, reported
that higher 24-hour UPE was significantly associated
with [lower risk of cardiovascular events and a non-
significant association with reduced mortality.”' Our larger
and younger cohort differs from these 2 published studies in
gender distribution, age, and existing co-morbidities. The
Osteoporotic Fracture in Men cohort was exclusively
men, and the Heart and Soul Study involved over 80%
men. Lack of female representation in these studies may
potentially reduce generalizability of results to the wider
community. In our population cohort, there was equal rep-
resentation of both genders, although we found no differ-
ence in association with uPiCr and outcomes between
genders. Higher uPiCr in females in our general population
cohort was not unexpected as estrogens possess phosphatu-
ric properties.“

Prevalent CVD was also a prerequisite for inclusion in
the Heart and Soul Study, and notably there was no re-
ported association between serum phosphate and CVD
events. This may explain the inverse relationship between
UPE and CVD events in this study cohort, suggesting
that other factors may contribute to UPE in differing set-
tings.”' Only a minority of our study participants had
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Figure 2. (A) Multivariable adjusted hazard ratios for all-cause mortality associated with uPiCr with superimposed histogram of
uPiCr included in the analysis cohort. Values calculated in age-stratified Cox models using fractional polynomials for uPiCr
adjusted for gender, age, dietary phosphate intake, eGFR, albuminuria, diabetic status, systolic and diastolic blood pressure,
CVD, cholesterol, triglycerides, waist-to-hip ratio, smoking status, and serum 25(0OH)D level. Powers of fractional polynomials
for uPiCr 0.5, 0.5. (B) Multivariable adjusted hazard ratios for CVD mortality associated with uPiCr with superimposed histogram
of uPiCr included in the analysis cohort. Values calculated in age-stratified Cox models using fractional polynomials for uPiCr
adjusted for gender, age, dietary phosphate intake, eGFR, albuminuria, diabetic status, systolic and diastolic blood pressure,
CVD, cholesterol, triglycerides, waist-to-hip ratio, smoking status, and serum 25(0OH)D level. Powers of fractional polynomials
for uPiCr 0.5, 0.5. 25(0OH)D, 25-hydroxyvitamin D; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; uP-
iCr, urine phosphate-to-creatinine ratio.
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Figure 3. (A) Multivariable adjusted hazard ratios for all-cause mortality associated with urine phosphate/creatinine ratio (uPiCr)
with superimposed histogram of uPiCr excluding those with CKD at baseline. Values calculated in age-stratified Cox models us-
ing fractional polynomials for uPiCr adjusted for gender, age, dietary phosphate intake, eGFR, albuminuria, diabetic status, sys-
tolic and diastolic blood pressure, CVD, cholesterol, triglycerides, waist-to-hip ratio, smoking status, and serum 25(0OH)D level.
Powers of fractional polynomials for uPiCr 0.5, 0.5. (B) Multivariable adjusted hazard ratios for CVD mortality associated with
uPiCr with superimposed histogram of uPiCr excluding those with CKD at baseline. Values calculated in age-stratified Cox
models using fractional polynomials for uPiCr adjusted for gender, age, dietary phosphate intake, eGFR, albuminuria, diabetic
status, systolic and diastolic blood pressure, CVD, cholesterol, triglycerides, waist to hip ratio, smoking status, and serum 25(0H)
D level. Powers of fractional polynomials for uPiCr 0.5, 0.5. 25(0OH)D, 25-hydroxyvitamin D; CVD, cardiovascular disease; eGFR,
estimated glomerular filtration rate; uPiCr, urine phosphate-to-creatinine ratio.
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parameters of impaired kidney function and albuminuria
may indicate kidney injury and uCr is likely to decline as
kidney function declines, and uPiCr would increase conse-
quently. Although uCr is used with spot urine samples to
correct values to reference parameters in order to reduce
variations due to dilution (as levels are not influenced by
diuresis), there can be marked intra- and inter-individual
variation with uCr."” These variations may explain why
our sensitivity analyses, either assessing uPi alone or evalu-
ating uPiCr in participants without CKD, showed an asso-
ciation with all-cause mortality compared to no
associations in the overall cohort.

Measurement of 24-hour UPE is considered to be a
reasonable clinical estimate of phosphate intake in healthy
individuals when in steady state, with a linear relationship
to intestinal phosphate absorption across varying phosphate
intakes.” " Repeated collections of 24-hour UPE have
also been reported as a useful determinant of dietary phos-
phate intake.’"” Data evaluating relationships of dietary
phosphate intake with clinically significant meaningful out-
comes however are lacking. Observational studies relating
dietary phosphate content to clinical end-points often
show U- or J-shaped curves, with elevated risks at both ex-
tremes of dietary phosphate.”””>"® However, all such
studies have methodological issues relating to estimating di-
etary phosphate intake.

Interestingly, we found an inverse relationship between
estimated dietary phosphate intake and uPiCr. Possible ex-
planations for this finding are that potential differences in
bioavailability of phosphate from various food sources
may contribute to wide variability in uPiCr, and tools to
predict dietary phosphate intake may underestimate or
overestimate measured phosphate intake. It is also possible
that uPiCr may reflect the dietary content of the last meal
prior to the urine sample collected, rather than the habitual
intake of phosphate in an individual. This theory, however,
would not support the argument that reducing dietary
phosphate intake might help reduce cardiovascular out-
comes. In clinical practice, UPE has been used to estimate
dietary phosphate load in individuals with preserved kidney
function,”” but on the contrary, phosphaturia may in fact
reflect phosphate balance and not necessarily dietary
intake. In one study of 8 patients with CKD, UPE was
found to be more tightly correlated with measures of
whole-body phosphate balance than intestinal phosphate
absorption, " although this conclusion may not necessarily
be applied to individuals in the general population. It is
possible that uPiCr may not correlate as well with 24-
hour UPE, and therefore not reflect habitual phosphate
intake as well as 24-hour UPE (although this lack of corre-
lation is predominantly reported in people with CKD).
General population cohort studies are needed to assess as-
sociations between 24-hour UPE and adverse outcomes.
Relationships among phosphate intake, digestibility, intes-
tinal absorption, and urinary excretion are complex, and

repeated measurements of UPE, not available in our study,
may have been of value.

Our study investigated spot uPiCr as an estimate of die-
tary phosphate intake, or perhaps phosphate balance,
assuming healthy participants are in steady state. High uP-
iCr (>3 mmol/mmol) may indicate higher dietary phos-
phate intake, despite the lack of association in our study
with estimated dietary phosphate. Several small physiolog-
ical studies have reported that higher dietary phosphate
intake increased levels of the phosphatonin FGF-23, and
conversely low dietary phosphate diets decreased FGF-
23.”"*? Epidemiological studies coupled with in vitro and
animal data showing excess dietary phosphate promote
arterial calcification, endothelial dysfunction, and myocar-
dial hypertrophy, which suggest that elevated phosphate
intake could be detrimental to cardiovascular health at all
levels of kidney function.”™'*'® A high uPiCr may also
reflect a high dietary protein intake, as most phosphate-
rich foods are also protein-rich. Several general population
cohort studies have reported a positive association between
dietary protein intake and mortality.%’s“ Any association
between low uPiCr (<1 mmol/mmol) and mortality may
potentially be confounded by poor nutritional intake and
existing co-morbidities. Lower dietary protein intake has
also been associated with poorer outcomes, and may
accompany lower dietary phosphate intake with associated
lower uPiCr.

Twenty-four-hour UPE measurements can be difficult
to accurately collect and spot uPiCr may provide similar es-
timates with reported good agreement between random
uPiCr and 24-hour UPE.”*" Although there are limited
epidemiological studies to definitively validate uPiCr as a
surrogate marker of phosphate homeostasis, it remains an
easy, rapid, and inexpensive parameter that could be used
in clinical practice. One recent study however evaluated
the relationship between uPiCr and 24-hour UPE in 143
participants with CKD who had been involved in a ran-
domized controlled trial of phosphate binders, and
concluded that in this population correlation between the
2 urinary measures was not significant.”’ Another study
also questioned the relationship between spot uPiCr and
24-hour UPE in patients with CKD.” These studies may
partly explain findings in our study cohort of a significant
association between uPiCr and mortality when participants
with CKD were excluded.

Strengths of our study include a well-characterized,
large, national population-based cohort, with a long dura-
tion of follow-up. Limitations include lack of standardiza-
tion on the timing of the morning spot urine samples
(and therefore not taking into consideration possible circa-
dian variation in phosphate and creatinine that may affect
uPiCr), and lack of data on vitamin D supplementation
use and concurrent serum phosphate or FGF-23 measure-
ments. A concurrent serum phosphate measurement would
have been useful to allow an estimate of FePi and
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subsequent assessment of associations between this param-
eter and mortality.

Although the 24-hour urine collection is considered as
the gold standard method for determining dietary phos-
phate intake, timed urine collections can be cumbersome
and prone to errors. Spot urine measurement for uPiCr
may be a surrogate marker for daily UPE and our study
demonstrates an association with all-cause mortality in a
large general population cohort when participants with
CKD were excluded. Confirmation of these findings may
allow uPiCr to be utilized as a simple tool alongside other
initial assessments of CVD risk and mortality. Given the
increasing evidence of an association between phosphate
and CVD, it is important to prospectively investigate
whether interventions aimed at reducing phosphate
burden, such as restricting dietary phosphate intake and
limiting food additives, reduce cardiovascular events and
mortality. Better methods to measure phosphate intake
may be important for monitoring dietary adherence to
lower phosphate diet and uPiCr may serve as a useful
marker for interventions aimed at understanding phosphate
balance and the eftects of these interventions, although this
requires validation in future clinical studies.
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