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High dietary phosphorus intake is associated with all-cause mortality:

results from NHANES III'-3
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ABSTRACT

Background: Elevated serum phosphorus is associated with all-cause
mortality, but little is known about risk associated with dietary phos-
phorus intake.

Objective: We investigated the association between phosphorus
intake and mortality in a prospective cohort of healthy US adults
(NHANES III; 1998-1994).

Design: Study participants were 9686 nonpregnant adults aged 20-80 y
without diabetes, cancer, or kidney or cardiovascular disease. Ex-
posure to dietary phosphorus, which was assessed by using a 24-h
dietary recall, was expressed as the absolute intake and phosphorus
density (phosphorus intake divided by energy intake). All-cause and
cardiovascular mortality was assessed through 31 December 2006.
Results: Median phosphorus intake was 1166 mg/d (IQR: 823—
1610 mg/d); median phosphorus density was 0.58 mg/kcal (0.48—
0.70 mg/kcal). Individuals who consumed more phosphorus-dense
diets were older, were less often African American, and led healthier
lifestyles (smoking, physical activity, and Healthy Eating Index). In
analyses adjusted for demographics, cardiovascular risk factors, kid-
ney function, and energy intake, higher phosphorus intake was asso-
ciated with higher all-cause mortality in individuals who consumed
>1400 mg/d [adjusted HR (95% CI): 2.23 (1.09, 4.5) per 1-unit
increase in In(phosphorus intake); P = 0.03]. At <1400 mg/d, there
was no association. A similar association was seen between higher
phosphorus density and all-cause mortality at a phosphorus density
amount >0.35 mg/kcal [adjusted HR (95% CI): 2.27 (1.19, 4.33) per
0.1-mg/kcal increase in phosphorus density; P = 0.01]. At <0.35
mg/kcal (approximately the fifth percentile), lower phosphorus
density was associated with increased mortality risk. Phosphorus
density was associated with cardiovascular mortality [adjusted HR
(95% CI): 3.39 (1.43, 8.02) per 0.1 mg/kcal at >0.35 mg/kcal; P =
0.01], whereas no association was shown in analyses with phosphorus
intake. Results were similar by subgroups of diet quality and in
analyses adjusted for sodium and saturated fat intakes.
Conclusions: High phosphorus intake is associated with increased
mortality in a healthy US population. Because of current patterns in
phosphorus consumption in US adults, these findings may have impor-
tant public health implications. Am J Clin Nutr 2014;99:320-7.

INTRODUCTION

Phosphorus is an essential mineral for cell structure and
function. In the United States, the average person consumes far
more phosphorus than the Recommended Dietary Allowance
(RDA)4 (700 mg/d for adults), although very few individuals

exceed the tolerable upper limit (4000 mg/d for adults <70 y
old) (1). The tolerable upper limit or the highest average phos-
phorus intake thought to be safe in a general population was
extrapolated from studies that examined the effect of infusing
a neutral phosphate solution intravenously to produce con-
trolled hyperphosphatemia (2). Although it is well established
that high concentrations of serum phosphorus are associated
with increased risk of cardiovascular events and mortality (3-7),
the evidence linking dietary phosphorus intake to serum phos-
phorus is sparse. Hence, to our knowledge, the long-term health
risks associated with high dietary phosphorus intake are unknown.

Excessive dietary phosphorus intake may be harmful even in
the absence of high serum phosphorus concentrations. Serum
phosphorus concentrations are tightly regulated by parathyroid
hormone and fibroblast growth factor-23 (FGF-23), which is
a hormone that increases urinary phosphorus excretion. Individuals
with normal kidney function are largely able to maintain serum
phosphorus in a physiologic range, even in the setting of high
phosphorus consumption because increased phosphorus consump-
tion leads to physiologic increases in parathyroid hormone and
FGF-23 (8-10). Over the long term, high FGF-23 concentrations
may stimulate left ventricular hypertrophy (11), and epidemiologic
studies have linked high FGF-23 concentrations with heart
failure (12), cardiovascular events, chronic kidney disease (CKD)
progression, and mortality (7, 13).

To investigate the potential health risks of high phosphorus
intake, we evaluated the association of dietary phosphorus intake
and mortality by using a nationally representative sample of
healthy participants in the NHANES III. We evaluated for a
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threshold above which mortality risk increases and the consistency
of the effect across subgroups of dietary quality (14, 15).

SUBJECTS AND METHODS

Study population

Participants were drawn from the NHANES III (1988-1994),
which is a nationally representative sample of the civilian,
noninstitutionalized US population. Details of the survey design
have been reported previously (14). We included nonpregnant
individuals aged 20-80 y with complete data on mortality status,
diet, and relevant covariates (n = 12,366). Because dietary habits
may change because of chronic illness, we excluded 2387 in-
dividuals with diabetes (on the basis of a self-report, the use of
diabetes medications, or a fasting glucose concentration >126
mg/dL), CKD stage =3 [estimated glomerular filtration rate
(eGFR) <60 mL - min ' - 1.73 m %) (15), or a self-reported
history of myocardial infarction, congestive heart failure, stroke,
or cancer. We also excluded 237 individuals who reported extreme
energy intakes (<1st and >99th percentiles of energy intake/d),
for a final sample of 9686 participants.

Dietary phosphorus measures

In-person 24-h dietary recalls were administered in mobile
examination centers by trained interviewers, and dietary nutrient
and energy components were determined from the USDA Survey
Nutrient Database (14). Because it is unclear whether the absolute
nutrient intake or nutrient density (nutrient intake divided by total
energy intake) is optimal for defining relations between nutrients
and outcomes (16), the exposure to dietary phosphorus was
assessed as the absolute phosphorus intake and phosphorus density.
The absolute phosphorus intake (mg/d) was log transformed to
achieve a more normal distribution and modeled continuously by
using linear splines with the mkspline command in STATA software
(version 11.2; StataCorp). Linear splines were used to better
characterize the shape of the association because the mortality risk
association significantly changed at a knot of In(1400 mg/d). We
also modeled the absolute phosphorus intake as a binary variable
that corresponded to the highest quartile [quartile 4 (=1611 mg/d)
compared with quartiles 1-3 (<1611 mg/d)]. Phosphorus density
(mg/kcal) was modeled as a continuous variable by using linear
splines (knot at 0.35 mg/kcal, which corresponded to 700 mg for
a 2000-kcal diet) on the basis of a visual inspection of locally
weighted smoothing plots, and a significant change in the mor-
tality risk association at this knot.

A subsample of ~8% of adult participants provided a second
24-h dietary recall. Correlations in the subset with a second
dietary recall were 0.47 (P < 0.001) for the absolute phosphorus
intake and 0.44 (P < 0.001) for phosphorus density.

Covariates

Age, sex, race, ethnicity, cigarette smoking (never, former, or
current), physical activity, and family income were self-reported.
Physical activity was assessed by the number of moderate to
vigorous intensity activities (eg, walking, jogging, running, bi-
cycling, swimming, dancing, or yard work) performed per week.
Socioeconomic status was captured as the poverty income ratio
(PIR) or the ratio of family income to the federal poverty threshold

(specific to the year of the interview); poverty was defined as a PIR
=1. The Healthy Eating Index (HEI) data file was used to quantify
food-group consumption and the overall quality of diet according
to nutritional guidelines at the time (HEI from O to 100, with 100
being the best-quality diet). Soda consumption (regular and diet)
was quantified by using USDA food codes 9240000-9241162.
Food items were classified as fast food if they were consumed at
fast-food, take-out, or delicatessen locations or were menu items
from name-brand major chains such as Arby’s, McDonald’s, Pizza
Hut, Taco Bell, and White Castle.

Height and weight were measured by using standardized
methods, and BMI (in kg/m?) was calculated as weight divided by
height squared (14). Hypertension was defined as a self-reported
history of hypertension, measured systolic blood pressure =140
mmHg, measured diastolic blood pressure =90 mmHg, or the
self-reported use of blood pressure medications.

Serum creatinine, phosphorus, and vitamin D concentrations
were measured as previously described (14). Low vitamin D was
defined by the lowest quintile of serum vitamin D concentration
(<16.2 ng/mL). the estimated glomerular filtration rate (¢GFR)
was calculated by using the Chronic Kidney Disease Epidemiol-
ogy Collaboration equation (17) after calibrating serum creatinine
values to Cleveland Clinic reference values (18). The urine
albumin:creatinine ratio (ACR) was assessed from random urine
samples; microalbuminuria was defined by using sex-specific
cutoffs as an ACR =17 g/g in men and =25 mg/g in women
(19). In regression models, the ACR was log transformed be-
cause of its skewed distribution.

Outcomes

All-cause and cardiovascular mortality data were abstracted
from the NHANES III mortality file, which captured the vital
status and cause of death of survey participants from survey
participation (1988-1994) to 31 December 2006 (20). Car-
diovascular mortality was defined by International Classifi-
cation of Diseases, 10th Edition, Clinical Modification System
codes 100-178 derived from death-certificate data (21).

Statistical analysis

All analyses incorporated sample weights to account for the
complex survey design according to NHANES analytic guide-
lines (14). Means and proportions of baseline characteristics were
compared across quartiles by using logistic regression for cat-
egorical variables and linear regression for continuous variables.
SEs were estimated by using Taylor series linearization. Baseline
nutrient and food-group intakes were standardized by the total
energy intake, and reported means (*SEs) were, for a 2000-kcal
diet, approximately the median total energy intake in our sam-
ple. The associations between phosphorus intake and all-cause
and cardiovascular mortality were investigated by using Cox
proportional hazards regression in 2 nested models with the
following covariates: model 1 included age, sex, race (black
compared with white), ethnicity (Mexican American compared
with non—-Mexican American), PIR, and total energy intake; model
2 included model 1 covariates and BMI (knot at 20), systolic blood
pressure, current and former smoking, physical activity, non-HDL
cholesterol (knot at 100 mg/dL), log ACR, eGFR, and low
vitamin D concentration. All analyses reported in Results reflect
adjustment for covariates in model 2 unless otherwise stated.
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Because high phosphorus intake may be a marker of an unhealthy
diet, subgroup analyses were done by HEI score (above and below
the median), soda consumption (any or none), and fast-food con-
sumption (any or none). We formally tested interactions between
high absolute phosphorus intake (=1611 compared with <1611
mg) and all-cause mortality by HEI score, soda consumption, and
fast-food consumption. Main analyses were also repeated with ad-
ditional adjustment of model 2 for sodium and saturated fat intakes.

Finally, because of the relation between high phosphorus
intake and all-cause mortality, we evaluated for mediation by
serum phosphorus concentrations by comparing associations
between dietary phosphorus measures and all-cause mortality with
and without serum phosphorus as a covariate. All analyses were
performed with STATA software (version 11.2; StataCorp).

RESULTS

Baseline characteristics of healthy NHANES participants
by quartiles of absolute phosphorus intake

The median follow-up time was 14.7 y (IQR: 13.1-16.2 y).
Most individuals (83.4%) consumed >700 mg P/d (RDA),
whereas 35.1% of subjects consumed >2 times the RDA (1400
mg P/d), and only 0.2% of subjects consumed more than the
tolerable upper limit (4000 mg P/d) (Figure 1). Median values
of phosphorus consumption in the lowest to highest quartiles
were 629, 993, 1356, and 1992 mg/d, respectively (Table 1).
Individuals who consumed higher amounts of phosphorus were
younger, more physically active, and more often male. Blacks were
overrepresented in the lowest quartile of phosphorus consumption
and underrepresented in the highest quartile [quartile 1 (14.9%)
compared with quartile 4 (6.8%); P < 0.001]; in Mexican-
Americans, the relation was reversed [quartile 1 (3.8%) compared
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with quartile 4 (6.4%); P < 0.001]. Higher phosphorus intake was
associated with a higher vitamin D concentration, higher eGFR,
and lower prevalent hypertension and microalbuminuria; however,
only the relation with vitamin D persisted after adjustment for age,
sex, and race and ethnicity (data not presented). Unadjusted serum
phosphorus concentrations were not related to higher phosphorus
intake although there was a positive association after adjustment
for age, sex, race, and ethnicity (0.05 mg/dL per 1000 mg P/d;
P < 0.001). Phosphorus consumption was directly associated
with the total daily energy intake [quartile 1 (1309 kcal/d)
compared with quartile 4 (3253 kcal/d); P < 0.001], higher intakes
(as proportions of total energy intake) of sodium, calcium, protein,
fat, dairy, meat, and legumes, and lower intakes of fruit, vegetables,
and grains (P < 0.05 for all comparisons) (Table 2).

Baseline characteristics of healthy NHANES participants
by quartiles of phosphorus density

In quartiles of phosphorus density (mg/kcal), median values of
absolute phosphorus intake were 827, 1104, 1313, and 1478 mg/d
in lowest to highest quartiles (see Supplemental Table 1 under
“Supplemental data” in the online issue). Racial and ethnic asso-
ciations with phosphorus density were similar to those observed by
using the absolute phosphorus intake. In contrast, individuals who
consumed diets with a higher phosphorus density were older and
appeared to lead healthier lifestyles [HEI score: quartile 1 (60.1)
compared with quartile 4 (66.2), P < 0.001; moderate-vigorous
physical activity per week: quartile 1 (3.7) compared with quartile
4 (4.7), P < 0.001; current smoking: quartile 1 (38.6%) compared
with quartile 4 (23.9%), P < 0.001] (see Supplemental Table 2
under “Supplemental data” in the online issue). Adjustment for
age, sex, and race and ethnicity did not alter these relations
(data not presented).
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FIGURE 1. Distribution and adjusted HRs (95% Cls) of death by absolute phosphorus intake. Cox proportional hazards regression was used to estimate
HRs of mortality by absolute phosphorus intake by using linear splines with a knot at 1400 mg/d adjusted for age, sex, race, ethnicity, poverty:income ratio,
total energy intake, BMI, systolic blood pressure, current and former smoking, physical activity, non—-HDL cholesterol, log albumin:creatinine ratio, estimated
glomerular filtration rate, and low vitamin D concentration. Values were centered at 700 mg/d, and the graph is truncated at 200 and 4000 mg/d for ease of
presentation. *The Recommended Dietary Allowance (700 mg/d) represents the daily dietary intake of phosphorus considered sufficient by the Food and
Nutrition Board to meet requirements for nearly all (97.5%) healthy adults; **the tolerable upper limit (4000 mg/d) is the highest average phosphorus intake
that is likely to pose no adverse health effects to almost all individuals in a general population (1).
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TABLE 1
Baseline characteristics by absolute phosphorus intake quartiles’
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Quartile 1 (n = 2424)

Quartile 2 (n = 2422)

Quartile 3 (n = 2421) Quartile 4 (n = 2419) P

Absolute phosphorus intake (mg/d) 629 (503-737)%

993 (905-1078)

1356 (1259-1471) 1992 (1769-2355)

Phosphorus density (mg/kcal) 0.48 (0.40-0.58) 0.55 (0.47-0.67) 0.61 (0.51-0.71) 0.67 (0.57-0.79) <0.001
Deaths/100 person-years® 2.51 * 0.49* 2.66 * 0.71 243 * 0.44 2.64 * 0.64 0.5
CVD deaths/100 person-years” 0.62 = 0.08 1.58 = 0.6 098 = 04 0.68 = 0.3 1.0
Age (y) 425 0.5 42.6 = 0.6 41.0 = 0.5 385+ 04 <0.001
M (%) 235 38.2 53.0 75.6 <0.001
Black (%) 14.9 10.6 8.6 6.8 <0.001
Mexican (%) 3.8 49 5.0 6.4 <0.001
Poverty (%) 13.8 11.5 9.8 10.1 0.001
Less than high school education (%) 23.7 20.8 17.8 18.2 0.001
No. of moderate-vigorous activities/wk 3.54 = 0.16 3.81 = 0.20 4.59 £ 0.21 4.68 £ 0.21 <0.001
BMI (kg/m?) 26.2 = 0.2 262 = 0.2 26.1 =02 263 = 0.2 0.7
Current smoker (%) 31.2 29.3 29.3 30.7 0.9
Hypertension (%) 19.6 17.6 16.0 15.8 0.02
Microalbuminuria (%) 8.9 8.4 7.4 6.4 0.005
eGFR (mL - min~' - 1.73 m?) 102.6 = 0.7 101.6 = 0.7 102.1 = 0.6 104.4 = 0.6 0.01
Serum phosphorus (mg/dL) 3.44 = 0.02 3.43 = 0.01 343 = 0.02 344 * 0.02 1.0
Vitamin D (ng/dL) 275 = 0.7 28.8 = 0.5 30.6 = 0.6 32.6 = 0.5 <0.001
Low vitamin D (%) 17.2 13.4 8.4 5.8 <0.001

/Means and proportions of baseline characteristics were compared across quartiles by using logistic regression for categorical variables and linear
regression for continuous variables. CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate.

2 Median; IQR in parentheses (all such values).
3 Age-standardized death rates.
#Mean *+ SE (all such values).

Phosphorus intake and all-cause mortality

Higher absolute phosphorus consumption was associated with
higher all-cause mortality at amounts >1400 mg/d [adjusted HR
(95% CI): 2.23 (1.09, 4.55) per 1-unit increase in In(phosphorus
intake); P = 0.03] (Figure 1). There was no significant association
between absolute phosphorus intake and mortality below this
threshold (Table 3). In analyses that used phosphorus density
as the exposure, higher phosphorus density was associated with
increased mortality risk at amounts >0.35 mg/kcal [adjusted
HR (95% CI): 2.27 (1.19, 4.33) per 0.1-mg/kcal increase; P =
0.01] (Figure 2). In contrast, at amounts <0.35 mg/kcal (ap-
proximately the fifth percentile), there was decreased mortality
risk with increasing phosphorus density [adjusted HR (95% CI):
0.46 (0.24, 0.89); P = 0.02] (Table 4). When analyses were ad-
ditionally adjusted for sodium and saturated fat intakes, there were
no material differences in results (data not presented).

Phosphorus intake and cardiovascular mortality

Similar to associations seen with all-cause mortality, higher
phosphorus density was associated with increased cardiovascular
mortality risk at amounts >0.35 mg/kcal [adjusted HR (95%
CI): 3.39 (1.43, 8.02) per 0.1-mg/kcal increase in phosphorus
density; P = 0.01] (Table 4). At amounts <0.35 mg/kcal, higher
phosphorus density was associated with lower cardiovascular
mortality risk [adjusted HR (95% CI): 0.30 (0.13, 0.73); P =
0.01]. There was no significant association between the higher
absolute intake of phosphorus and cardiovascular mortality.

Consistency of effect across subgroups of diet quality

In subgroup analyses, risk of all-cause mortality associated with
the highest quartile of absolute phosphorus consumption (=1611
compared with <1611 mg/d) did not differ by HEI score, soda

consumption, and fast-food consumption (P-interaction > 0.05
for each).

Associations after the addition of serum phosphorus as
a covariate

When serum phosphorus was added as a covariate to analyses,
the association between absolute phosphorus intake and all-cause
mortality was essentially unchanged [>1400 mg/d: adjusted HR
95% CI): 2.24 (1.09, 4.62); P = 0.03; no relation observed
<1400 mg/d]. Similarly, the association between phosphorus
density and all-cause mortality was unchanged after the addition
of serum phosphorus [>0.35 mg/kcal, adjusted HR (95% CI):
2.26 (1.16, 4.43) (P = 0.02); <0.35 mg/kcal, adjusted HR (95%
CD: 0.46 (0.24, 0.91) (P = 0.03)]. Serum phosphorus was as-
sociated with all-cause mortality in both analyses (absolute
phosphorus intake analysis, adjusted HR (95% CI): 1.37 (1.13,
1.67) per 1-mg/dL increase in serum phosphorus (P = 0.002);
phosphorus density analysis, adjusted HR (95% CI): 1.37 (1.13,
1.66) per 1-mg/dL increase in serum phosphorus; (P = 0.002)].

DISCUSSION

In this nationally representative sample of healthy US adults
with normal kidney function, we showed that high phosphorus
consumption was associated with increased all-cause mortality.
The relation between increasing absolute phosphorus intake and
mortality appeared flat until a threshold of ~ 1400 mg/d, which
is an amount of phosphorus consumption that is twice the adult
US RDA. A similar continuous relation was seen with in-
creasing phosphorus density and mortality at amounts >0.35
mg/d, which corresponded to 700 mg/d in subjects who con-
sumed a 2000-kcal diet. Findings were also robust by the subgroup
of dietary quality. These findings may have important public
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TABLE 2
Baseline dietary characteristics by absolute phosphorus intake quartiles’

Quartile 1 (n =2424)  Quartile 2 (n = 2422)  Quartile 3 (n = 2421)  Quartile 4 (n = 2419) P
Absolute phosphorus intake (mg/d) 629 (5037737)2 993 (905-1078) 1356 (1259-1471) 1992 (1769-2355)
Phosphorus density (mg/kcal) 0.48 (0.40-0.58) 0.55 (0.47-0.67) 0.61 (0.51-0.71) 0.67 (0.57-0.79) <0.001
Total energy intake (kcal) 1309 * 11° 1828 = 17 2354 £ 17 3253 = 28 <0.001
HEI score 589 £ 04 652 £ 0.5 652 £ 05 63.7 £ 0.6 <0.001
Consumed any soda (%)’ 56.9 58.8 59.2 61.2 0.07
Consumed any fast food (%)° 14.9 18.1 194 17.4 0.2
Nutrient and food group intakes
standardized by total energy intake”
Sodium (mg/d) 3149 = 40 3269 = 40 3291 *+ 34 3364 = 31 <0.001
Potassium (mg/d) 2699 *+ 46 2720 + 25 2686 + 25 2742 = 33 0.5
Calcium (mg/d) 5819 705 = 10 805 = 13 944 = 17 <0.001
Protein (g/d) 674 = 0.8 75.5 £ 0.7 77.6 = 0.7 82.1 £ 0.7 <0.001
Total fat (g/d) 70.0 = 0.7 73.5 £ 0.8 76.1 = 0.8 78.8 £ 09 <0.001
Saturated fat (g/d) 224 * 04 242 + 0.3 2577 £ 04 275 £ 04 <0.001
Fiber (g/d) 154 £ 03 159 £ 0.2 159 £ 03 15.6 £ 0.2 0.9
Grains (servings/d) 6.69 = 0.09 6.53 £ 0.11 6.41 = 0.10 6.04 = 0.10 <0.001
Fruit (servings/d) 1.89 = 0.09 1.54 = 0.07 1.41 £ 0.05 1.23 *= 0.08 <0.001
Vegetables (servings/d) 3.49 = 0.10 344 = 0.11 295 = 0.07 2.86 = 0.07 <0.001
Dairy (servings/d) 1.14 = 0.04 1.67 £ 0.05 2.02 £ 0.05 2.52 * 0.06 <0.001
Meat (servings/d) 1.95 = 0.04 2.09 = 0.04 2.08 = 0.05 2.12 £ 0.04 0.01
Legumes (servings/d) 0.07 = 0.01 0.10 = 0.01 0.11 = 0.01 0.12 £ 0.01 0.001

"Means and proportions of baseline characteristics were compared across quartiles by using logistic regression for categorical variables and linear
regression for continuous variables.

2 Median; IQR in parentheses (all such values).
FMean = SE (all such values).

“HEI, Healthy Eating Index.

? Includes regular and diet sodas.

% Includes food consumed at fast-food, takeout, and delicatessen locations or menu items from major fast-food chains.
7 Values of nutrients and food groups presented are for a 2000-kcal/d diet.

health implications because more than one-third of Americans  underreporting or overreporting because nutrient and total calorie
reported phosphorus consumption that exceeded 1400 mg/d. intakes tend to be strongly correlated (16). It is reassuring that

An accurate determination of associations between nutrient  analyses that used absolute phosphorus intake and phosphorus
intake and adverse outcomes is complex because of a high  density were similar except in the range of very-low phosphorus
correlation with and confounding by the total energy intake. To  density (lower than the fifth percentile), where lower phos-
address this difficulty, several different methods have been  phorus density was associated with increased mortality risk. It is
proposed (16). We modeled phosphorus intake as the absolute  plausible that this could signify increased risk from insufficient
intake with adjustment for the total energy intake as one method  phosphorus consumption; in contrast, this finding might be driven
given the ease of interpretation. However, some researchers by latent confounding because individuals who consumed the least
believe that modeling intake as nutrient density (nutrient intake = phosphorus-dense diets exercised less, ate unhealthier diets, and
standardized by total energy intake) can reduce bias because of ~ were more likely to smoke.

TABLE 3
Adjusted HRs (95% CIs) of all-cause and cardiovascular mortality according to absolute phosphorus intake’
Model 1 P Model 2 P
All-cause mortality
Continuous (/1-unit increase in In[phosphorus intake (mg/d)])
Less than In(1400 mg/d) 0.78 (0.51, 1.20) 0.2 0.96 (0.64, 1.43) 0.8
Greater than or equal to In(1400 mg/d) 243 (1.12, 5.27) 0.03 2.23 (1.09, 4.55) 0.03
CVD? mortality
Continuous (/1-unit increase in In[phosphorus intake (mg/d)])
Less than In(1400 mg/d) 0.89 (0.42, 1.88) 0.8 0.99 (0.46, 2.14) 1.0
Greater than or equal to In(1400 mg/d) 1.06 (0.25, 4.46) 0.9 1.02 (0.25, 4.21) 1.0

"Cox proportional hazards regression was used to estimate HRs of mortality by absolute phosphorus intake. Absolute phosphorus intake was log-
transformed to achieve a more normal distribution and modeled continuously by using linear splines with a knot at In(1400 mg/d) on the basis of evidence of
a nonlinear relation. Model 1 was adjusted for age, sex, race, ethnicity, poverty:income ratio, and total energy intake. Model 2 was adjusted as for model 1 and

for BMI, systolic blood pressure, current and former smoking, physical activity, non—HDL cholesterol, log albumin:creatinine ratio, estimated glomerular
filtration rate, and low vitamin D concentration.
2 CVD, cardiovascular disease.
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FIGURE 2. Distribution and adjusted HRs (95% Cls) of death by phosphorus density. Cox proportional hazards regression was used to estimate HRs of
mortality by phosphorus density by using linear splines with a knot at 0.35 mg/kcal adjusted for age, sex, race, ethnicity, poverty:income ratio, total energy
intake, BMI, systolic blood pressure, current and former smoking, physical activity, non—HDL cholesterol, albumin:creatinine ratio, estimated glomerular
filtration rate, and low vitamin D concentration. Values were centered at 0.35 mg/kcal, which corresponded to 700 mg/d for a 2000-kcal/d diet, and the graph is

truncated at 0.25 and 1.5 mg/kcal for ease of presentation.

Few previous studies have examined the association of dietary
phosphorus intake and mortality (22). In contrast to our findings,
urinary phosphorus excretion (a proxy for dietary phosphorus
consumption) was not related to mortality in a cohort of elderly
men and was inversely associated with mortality in persons with
coronary artery disease (23, 24). However, total energy and
phosphorus intakes may change with aging or poor health and,
thus, inaccurately represent the average premorbid phosphorus
consumption. Moreover, 24-h urine phosphorus may reflect
abnormalities in phosphorus metabolism, particularly in sicker
populations (25). Because of the concern about reverse cau-
sality (ie, chronic diseases may lead to decreased energy and
nutrient intakes), which is a concern echoed in recent debates
regarding sodium and mortality (26), differences observed between

TABLE 4

our findings and those in previous studies may have reflected our
choice to restrict the sample to a healthy population free of diabetes,
cardiovascular disease, and chronic kidney disease.

Excessive dietary phosphorus could lead to death by increasing
mean serum phosphorus concentrations throughout the course of
the day (27), although there was no evidence of a mediation by
serum phosphorus in our study. It is possible that repeated mea-
surements of serum phosphorus are needed to accurately capture
the effect of phosphorus intake. Previous investigators, by using
repeated measurements of serum phosphorus, have shown that
changes in phosphorus intake have little effect on random or
fasting serum phosphorus concentrations but do result in changes
in 24-h mean serum phosphorus concentrations (27, 28). Elevated
serum phosphorus concentrations are associated with endothelial

Adjusted HRs (95% Cls) of all-cause and cardiovascular mortality according to phosphorus density’

Model 1 P Model 2 P

All-cause mortality
Continuous [/0.1-unit increase in phosphorus density
(mg/kcal)]
<0.35 mg/kcal
=0.35 mg/kcal
CVD? mortality
Continuous [/0.1-unit increase in phosphorus density
(mg/kcal)]
<0.35 mg/kcal
=0.35 mg/kcal

0.36 (0.20, 0.66) 0.001 0.46 (0.24, 0.89) 0.02
2.88 (1.59, 5.23) 0.001 2.27 (1.19, 4.33) 0.01
0.22 (0.10, 0.48) <0.001 0.30 (0.13, 0.73) 0.01
4.74 (2.12, 10.6) <0.001 3.39 (1.43, 8.02) 0.01

’Cox proportional hazards regression was used to estimate HRs of mortality by phosphorus density. Phosphorus
density was modeled as a continuous variable by using linear splines (knot at 0.35 mg/kcal, which corresponded to 700
mg for a 2000-kcal/d diet) on the basis of a visual inspection of locally weighted smoothing plots. Model 1 was adjusted for
age, sex, race, ethnicity, poverty:income ratio, and total energy intake. Model 2 was adjusted as for model 1 and for BMI,
systolic blood pressure, current and former smoking, physical activity, non—-HDL cholesterol, log albumin:creatinine ratio,
estimated glomerular filtration rate, and low vitamin D concentration.

2 CVD, cardiovascular disease.
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dysfunction, vascular calcification, and low-grade albuminuria
(29-32). In addition, changes in phosphorus intake are directly
associated with changes in urinary albumin excretion (33). Un-
fortunately, few data exist on long-term effects of restricting
phosphorus intake. Previous randomized trials either have been of
short duration (9, 34, 35), focused primarily on protein intake (36),
or used phosphorus-binding medications, which may have
independent effects on vascular calcification (37). In addition,
phosphorus may have a role in regulating cell growth, pro-
liferation (38), and protein translation (39). In a mouse model
of skin carcinogenesis, elevated serum phosphorus concentrations
promoted cell transformation and tumorigenesis (40), and epide-
miologic studies have suggested a link between dietary (41) and
serum phosphorus (42) with certain forms of cancer. Alternatively,
high phosphorus intake could lead to increased mortality by
stimulating higher concentrations of FGF-23 (8, 9), which may
lead to left ventricular hypertrophy (11), congestive heart failure,
and mortality (7, 12, 13).

Several limitations of our study merit consideration. First, we
were unable to differentiate between organic and inorganic sources
of phosphorus. Inorganic phosphate additives are commonly used
to enhance flavor and preserve food and are as ubiquitous in our
food supply as sodium (43). Because inorganic phosphate additives
are more bioavailable (90-100%) than organic sources of phos-
phorus (40-60%) (44, 45), it is plausible that dietary phosphorus
derived from inorganic sources could have a greater effect on
serum phosphorus, FGF-23, and parathyroid hormone. There may
also have been a measurement error because the phosphorus
content in food products rich with inorganic phosphate additives
may be higher than estimates by using nutrient databases (46).
Because of the high prevalence of processed foods in the Amer-
ican diet, phosphorus intake may be systematically underestimated
in nutrient content databases (43). Thus, thresholds in our study
should not be interpreted as exact values above which risk in-
creases. We relied on a single measurement of dietary recall to
assess phosphorus intake and did not have 24-h urine measure-
ments of phosphorus; however, the reported phosphorus intake
was fairly consistent in the subsample with a repeated dietary
recall. As in many studies that used cardiovascular mortality as an
outcome, the cause of death was not independently adjudicated,
which may explain the observed null association with absolute
phosphorus intake. Last, there remains the possibility of residual
confounding. It is possible that high phosphorus intake may
represent other aspects of an unhealthy diet although analyses
were unchanged after adjustment for sodium and saturated fat
intakes.

Strengths of our study included the use of a nationally repre-
sentative sample of a healthy US adult population, long duration of
follow-up (median: 14.7 y), and restriction of our sample to
a healthy population to minimize confounding by reverse causation.
We used 2 different methods to account for exposure to dietary
phosphorus intake (absolute phosphorus intake and phosphorus
density), carefully adjusted for a number of potential confounders,
and conducted subgroup analyses by dietary quality. All methods
showed consistent associations between high dietary phosphorus
intake and increased mortality risk.

In conclusion, high phosphorus intake was associated with
increased mortality in a nationally representative, healthy US
population. Because of prevalence of high phosphorus intake in
healthy adults and the widespread use of inorganic phosphorus
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additives in processed food, our findings may have far-reaching
public health implications. Additional studies are needed to
determine whether this relation is causal.

An abstract of this work was presented at the Nutrition, Physical Activity
and Metabolism Young Investigator Award oral abstract competition at the
American Heart Association’s Scientific Session in Dallas, TX, on 17
November 2013.
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