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The Western dietary pattern of intake common to many Americans is high in fat, refined carbohydrates, sodium, and phosphorus, all of which are
associated with processed food consumption and higher risk of life-threatening chronic diseases. In this review, we focus on the available

information on current phosphorus intake with this Western dietary pattern, and new knowledge of how the disruption of phosphorus

homeostasis can occur when intake of phosphorus far exceeds nutrient needs and calcium intake is limited. Elevation of extracellular
phosphorus, even when phosphorus intake is seemingly modest, but excessive relative to need and calcium intake, may disrupt the endocrine
regulation of phosphorus balance in healthy individuals, as it is known to do in renal disease. This elevation in serum phosphate, whether
episodic or chronically sustained, may trigger the secretion of regulatory hormones, whose actions can damage tissue, leading to the
development of cardiovascular disease, renal impairment, and bone loss. Therefore, we assessed the health impact of excess phosphorus intake

in the context of specific issues that reflect changes over time in the U.S. food supply and patterns of intake. Important issues include food
processing and food preferences, the need to evaluate phosphorus intake in relation to calcium intake and phosphorus bioavailability, the
accuracy of various approaches used to assess phosphorus intake, and the difficulties encountered in evaluating the relations of phosphorus
intake to chronic disease markers or incident disease. Adv. Nutr. 5: 104-113, 2014.

Introduction

Clinical interest in potential adverse health effects of high-
phosphorus intake began >40 y ago, when low bone mass
and secondary hyperparathyroidism were observed in ani-
mals fed high-phosphorus, low-calcium diets, along with
the clinical finding that oral phosphate loading in young
adults stimulated parathyroid hormone (PTH) secretion
(1-3). Then, as now, many believed that the phosphorus
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content of the American diet was increasing as a result of the
growing availability of and preference for processed foods and
the widespread use of phosphate additives by food processors
(4-6). Recently, this interest has been rekindled, sparked by
new knowledge about the tight endocrine regulation that
maintains phosphorus balance and newly gained understand-
ing of how this balance can be disrupted by acute or prolonged
excessive intakes of phosphorus (7).

Much of our understanding of the risks associated with
high-phosphorus intake comes from studying the events as-
sociated with the gradual rise in serum phosphate in chronic
kidney disease patients, in which serum phosphate concen-
tration has been shown to be significantly associated with
cardiovascular disease and increased mortality (8—10). Accu-
mulating evidence from studies in healthy populations sug-
gests that mild elevations of serum phosphate within the
normal range are also associated with cardiovascular disease
risk (11-14). Although the pathophysiologic factors triggering
disordered phosphorus metabolism are unclear, the compen-
satory hormonal changes that follow dietary phosphorus load-
ing and the tissue damage that is associated with these
elevated hormones present a plausible mechanism whereby
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modest increases in serum phosphate within the normal
range may initiate atherosclerosis, left ventricular hypertro-
phy, and other disease risks. Important regulatory hormones
that respond to oral phosphorus loading include fibroblast
growth factor-23 (FGF-23) (15), which is secreted by the os-
teocytes in bone, and PTH, which is secreted by the parathy-
roid gland (16). Both of these hormones influence the renal
synthesis and circulating concentration of the active metab-
olite of vitamin D, 1,25-dihydroxyvitamin D; (calcitriol),
but in an opposing manner. FGF-23 inhibits synthesis and
PTH stimulates 1-a hydroxylation of 25-hydroxyvitamin
D (17,18). Both PTH and FGF-23 have been shown to be as-
sociated with left ventricular cardiac hypertrophy and other
cardiovascular disease risk factors, independent of serum
phosphate concentration or dietary phosphorus intake
(19-21). However, evidence that links high-phosphorus in-
take to elevated serum phosphate concentration in the gen-
eral population with healthy renal function remains limited
(22). In this review, we focus on the importance of this area
of research and current limitations in data availability and
suggest that data and research need to better assess risks as-
sociated with increasing phosphorus exposure.

Phosphorus in the Food Supply and
Contributions to Total Phosphorus Intake

The phosphorus intake in the United States, as well as the
intake of other essential nutrients, is monitored in the Na-
tional Health and Nutrition Education Surveys (NHANES),
which are nationally representative surveys conducted and
analyzed in 2-y waves since 2000. The “usual” intake of
phosphorus by gender/age groups was last published for
the 2005-2006 wave of NHANES. The estimates of usual

phosphorus intake are based on information from 24-h re-
call data, using a validated method, with second-day recalls
from a subset of the surveyed population to assess intra-
individual variability (23-25). The usual mean daily intake
of phosphorus and the Dietary Reference Intake guidelines
[estimated average requirement (EAR), recommended die-
tary allowance (RDA), and tolerable upper intake levels for
age- and gender-specific groups] are shown in Table 1. For
all age/gender groups, the mean usual phosphorus intake
exceeds the EAR and RDA, with the single exception of
growing girls (9-18 y) who are actively accreting bone. Tra-
ditionally, the median usual intakes of a nutrient (intake at
the 50th percentile) compared with the EAR are used
to determine the intake adequacy of the nutrient in a pop-
ulation (23). The EAR represents the mean phosphorus
required by each specific age/gender group. For all but grow-
ing young men and women, the EAR for phosphorus was
lowered from the previous guidelines to the level shown in
Table 1 by the Institute of Medicine in 1997 (23).

Twenty-four-hour recall data from the most recently
completed NHANES (2009-2010) were used to show the
percentage contribution of phosphorus from various food
categories (Table 2). Milk and dairy were the greatest con-
tributors, followed by meat and poultry contributions.
This may be because the USDA nutrient database values
for some foods in these categories, which contain phosphate
additives, have been updated recently. However, many of the
preferred foods in each of these categories in Table 2 are pro-
cessed with added phosphorus ingredients to achieve the de-
sired texture, taste, color, or other characteristic.

We used the ingredient list found on the food label of
products currently in the marketplace to determine

TABLE 1 Usual mean daily phosphorus intake and dietary recommended intake for phosphorus by gender
and age'
Dietary recommended intake
Age Usual phosphorus intake EAR UL RDA
y mg/d mg/d
Men
1-3 1030 £ 263 380 3000 460
4-8 1145 x 274 405 3000 500
9-13 1321 = 354 1055 4000 1250
14-18 1681 = 615 1055 4000 1250
19-30 1656 = 534 580 4000 700
31-50 1727 £ 250 580 4000 700
51-70 1492 = 300 580 4000 700
=71 1270 £ 276 580 3000 700
Women
1-3 1030 £ 263 380 3000 460
4-8 1145 * 274 405 3000 500
9-13 1176 £ 575 1055 4000 1250
14-18 1067 = 29.8 1055 4000 1250
19-30 1120 = 408 580 4000 700
31-50 1197 = 250 580 4000 700
51-70 1106 = 340 580 4000 700
=71 985 *+ 288 580 3000 700

! Usual daily phosphorus intake data from What We Eat in America, NHANES 2005-2006 (unpublished data from Alanna Moshfegh, U.S. De-
partment of Agriculture) are expressed as means * SEs. The dietary recommended intake levels for phosphorus were established by the
Institute of Medicine, Food, and Nutrition Board in1997 (23). EAR, estimated average requirements; UL, tolerable upper intake levels.
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TABLE 2.
ingredients frequently used in processing foods in each category’

Contribution of food categories to phosphorus intake and examples of phosphorus containing generally recognized as safe

% Contribution to
Phosphorus Intake

Food Category

Examples of Phosphorus Ingredients Used in
Processing Foods in Each Category®

Milk and dairy 209
Mixed dishes: grain-based 10.1
Breads, rolls, and tortillas 58
Quick breads, bread products, 52
sweet bakery products
Poultry 5.1
Pizza 48
Vegetables 4.8
Mixed dishes: meat, poultry, seafood 45
Cured meats and poultry 44
Meats 42
Plant-based protein foods 37
Cereals 32
Eggs 2.8
Seafood 25
All other food categories 18
Savory snacks, crackers, snack/meal bars <25
Other desserts <25
Candy (chocolate) <25
Sugar sweetened/diet beverages/alcoholic <25
beverages
100% juice <25
Fruits <25
Soups <25
Cooked grains <25
Condiments/sauces <25
Fats and oils <25

Phosphoric acid, sodium phosphate, calcium phosphate,
potassium tripolyphosphate

Modified food starch, sodium acid pyrophosphate,
disodium phosphate

Sodium aluminum phosphate, mono-calcium phosphate,
sodium acid pyrophosphate

Sodium acid pyrophosphate, sodium aluminum phosphate,
mono-calcium phosphate, dicalcium phosphate, calcium
acid pyrophosphate

Sodium tripolyphosphate, sodium tripoly/sodium
hexa-meta-phosphate blends, sodium acid
pyrophosphate, tetrasodium pyrophosphate

Disodium phosphate, tricalcium phosphate, tetrasodium
pyrophosphate, sodium acid pyrophosphate

Mono-calcium phosphate, sodium phosphate, disodium
phosphate, sodium acid pyrophosphate, disodium
hydrogen pyrophosphate

Sodium tripolyphosphate, sodium acid pyrophosphate,
tricalcium phosphate, trisodium phosphate

Sodium tripolyphosphate, tetrasodium pyrophosphate,
sodium acid pyrophosphate

Potassium tripolyphosphate, tetrapotassium pyrophosphate,
sodium hexa-meta-phosphate

Sodium hexa-meta-phosphate, sodium tripolyphosphate

Disodium phosphate, tricalcium phosphate, trisodium
phosphate

Sodium hexa-meta-phosphate, tetrasodium pyrophosphate,
mono-sodium phosphate

Sodium acid pyrophosphate, potassium tripolyphosphate,
tetrapotassium pyrophosphate, sodium tripolyphosphate

Calcium phosphate, sodium hexa-meta-phosphate,
tricalcium phosphate

Calcium phosphate, modified corn starch, disodium
phosphate, tetrasodium pyrophosphate

Lecithin

Phosphoric acid

Calcium phosphate

Mono-calcium phosphate

Mono-potassium phosphate

Disodium phosphate, tricalcium phosphate

Phosphoric acid, disodium phosphate, modified food starch,
sodium hexa-mono-phosphate

None found

! Unpublished data source: Alanna Moshfegh, US. Department of Agriculture, What We Eat in America, NHANES 2009-2010. The U.S. Food and Drug Administration considers the
phosphate-containing ingredients shown in this table to be generally recognized as safe under conditions of their intended use in foods.
2 All of these phosphorus-containing ingredients were granted generally recognized as safe status between 1975 and 1980. Data source: Ingredients labels on products of processed

foods currently in the marketplace.

examples of phosphate additives commonly used in pro-
cessed foods found in each category (Table 2). An example
of the Nutrition Facts Label and Ingredients List required
on all processed foods in the United States is shown in Fig-
ure 1. The only minerals required on this label are so-
dium, calcium, and iron. Although the Food and Drug
Administration does not require phosphorus content la-
beling, phosphorus additives must be listed in the ingredi-
ents list. Therefore, consumers may identify which food
products contain added phosphorus, but they are not
able to quantify how much phosphorus the food is
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contributing to total daily intake. When manufacturers
volunteer to include the phosphorus content of the pro-
ducts on the Nutrition Facts Panel, it is quantified as a per-
centage of the Daily Value (DV). The percentage of the DV is
a dietary guideline developed by the Food and Drug Admin-
istration to assist consumers in knowing how much of a par-
ticular nutrient they would be consuming in a serving. The
DV (also termed the Reference Daily Intake) is 1000 mg for
phosphorus. For individuals who need to limit phosphorus
intake, this can be a serious source of confusion, because the
Nutrition Facts Label guideline is 300 mg higher than the



Serving Size (3g)
Serving Per Container 32

Nutrition Facts

FIGURE 1 Label
information redrawn from
the label on fast food fries
frozen potatoes. The
nutrition facts panel shows
no phosphorus content
information, which

is voluntary for the
manufacturer and is not
commonly found in the
nutrition facts panel of
processed foods. The

*Percent Daily Values are based on a 2,000 calorie diet. Your Daily
Values may be higher or lower depending on your calorie needs.

Calories 2,000 2,500
Total Fat Lessthan  65g 80g
Sat Fat Less than 20g 259
Cholesterol Lessthan  300mg 300mg
Sodium Lessthan  2400mg 2400mg
Total Carbohydrate 300g 3759
Dietary Fiber 25g 30g

Amount Per Serving
Calories 150 Calories from Fat 50
Total Fat 69 s  FAST FOOD FRIES®
Saturated Fat 1g 5%
Trans Fat Og
Cholesterol 0Omg 0%
Potassium 380mg 11%|  INGREDIENTS: POTATOES, VEGETABLE
Sodlum 440mg 18%|  QOIL (SUNFLOWER, COTTONSEED,
Total Gartiohydrite 249 ox|  SOYBEAN, AND/OR CANOLA), MODIFIED
e FOOD STARCH, RICE FLOUR, SALT,
Protein 2g a%|  DEXTRIN, CORNSTARCH, LEAVENING
Vitamin C 6% . Iron 2%

(SODIUM ACID PYROPHOSPHATE, SODIUM
BICARBONATE) DEXTROSE, XANTHAN
GUM, ANNATO (COLOR) DISODIUM
DIHYDROGEN PYROPHOSPHATE.

ingredients list is the other
mandatory component of
the FDA label, and this
example shows that the
product contains 3
phosphorus-containing
additives, although modified
food starch is not specified
as being one of the possible

phosphate-containing modified starch additives, which include acetylated distarch phosphate, hydropropyl distarch phosphate,

and monostarch phosphate.

adult RDA and 480 mg greater than the average adult re-
quirement (EAR).

The phosphorus content of the U.S. food supply con-
tinues to increase as food manufacturers find new and ef-
fective ways to improve taste, speed of preparation, shelf
life, or convenience of products through the addition of
phosphate ingredients. This growing use of phosphate addi-
tives is captured in the nutrient database as foods are rean-
alyzed for their nutrient composition. An example of such a
product can be seen in Figure 1, where the ingredients list
shows 3 phosphate additives used to process fast food fries
(modified food starch, sodium acid pyrophosphate, and
disodium dihydrogen pyrophosphate). The growth in avail-
ability and intake of convenience and fast foods is contrib-
uting to the changing phosphorus content of the U.S. food
supply and to increased intake of phosphorus by those in-
dividuals consuming more of these foods, essentially with-
out their knowledge or understanding. For example, few
consumers would consider french fries to be a source of
phosphorus additives.

Indeed, many other lines of evidence support increased
phosphorus content of foods. Several studies comparing
estimated dietary phosphorus intake from nutrient databases
with direct chemical analyses showed significant underestimation
of phosphorus intake, suggesting inaccuracies in the nutrient
content databases that serve as the basis for the dietary intake
estimates shown in Table 3 (26—29). This underestimation is
presumably attributable to the failure to account for the use of
phosphorus additives in processing. The likely misclassifica-
tion of phosphorus intake associated with the observed
25-30% underestimation in existing nutrient databases is
likely to obscure associations between dietary phosphorus
intake and chronic disease risk.

Despite the evidence of increased phosphorus content of
the food supply, and therefore intake, successive waves of the
NHANES since 2000 show little change in mean phosphorus
intake for men or women, with the exception of the last sur-
vey wave conducted in 2009-2010 (Table 4). In that wave,
phosphorus intake increased by 90 mg for men and 64 mg
for women. Apparently, recent direct chemical analyses

TABLE 3. Evidence supporting underestimation of phosphorus intake from food
Approach and Method of Underestimation of
Study Phosphorus Intake Estimation Phosphorus Intake

Oenning et al,, 1988 (26)
and Il software and hand calculation
Sullivan et al., 2007 (27)

chicken products (n = 38)

Sherman and Mehta,
2009 (28)

Benini et al,, 2011 (29)

foods without additives

Duplicate meals, direct chemical analyses vs. Nutritionist |l

Direct chemical analyses vs. ESHA Food Processor SQL
version 9.8 software of Midwestern grocery market

Direct chemical analyses of enhanced meat products vs.
natural meat and poultry products expressed as
milligrams per gram phosphorus protein ratio

Direct chemical analyses of 60 foods, 30 containing
declared phosphorus additives and 30 similar

25-30%

~34%

Mean of 84 mg of underestimated
phosphorus/100 g of chicken

28% higher phosphorus:protein ratio in enhanced
meat/poultry products compared with additive-free
meat/poultry

Additive containing products had nearly 70% higher
phosphorus content, contributing an average
of >100 mg of phosphorus/100 g of protein
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TABLE 4. Estimated phosphorus intakes from food'

NHANES Years

Phosphorus Intake

mg/d
Men
2001-2002 1565 * 24.7
2003-2004 1559 = 224
2005-2006 1600 = 249
2007-2008 1500 = 26.1
2009-2010 1655 = 18.7
10 y change 90 mg increase
Women
2001-2002 1126 = 182
2003-2004 1126 = 170
2005-2006 1148 = 220
2007-2008 1123 = 225
2009-2010 1190 = 115
10 y change 64 mg increase

" Values are expressed as the 1-day means + SEs amount consumed per individual
(aged =20 y) unless noted otherwise. Unpublished data source: Alanna Moshfegh,
US. Department of Agriculture, What We Eat in America, NHANES over the past
decade, individuals aged =20 y (excluding breast-fed children, day-1 dietary
weighted, U.S. Department of Agriculture Research Service, Beltsville Human Nutrit-
jon Research Center, Food Surveys Research Group; available at: http://www.ars.
usda.gov/ba/bhnrc/fsrg).

of specific products in the USDA Nutrient Content database
contributed to this change in the 2009-2010 intake estimates
(30). These newly analyzed products included frozen
chicken and pizza, for which phosphorus additive use in
processing has increased over the past decade, as has con-
sumption of these items (6,30). This observed increase at
the population level for phosphorus intake with changes
in the phosphorus content of popular foods underscores
the need for reanalyses of additional categories of pro-
cessed foods.

Other, less considered, sources of dietary phosphorus in-
clude dietary supplements. Vitamin and mineral daily sup-
plements include, on average, ~108 mg/d phosphorus. In
addition, frequently used over-the-counter and prescription
drug products may contribute to phosphorus intakes in cur-
rently unknown quantities (31).

Phosphorus Bioavailability from Natural
(Organic) and Added (Inorganic) Phosphorus
The chemical nature and physiologic characteristics of ab-
sorption are also important for understanding how dietary
phosphorus may affect hormones that regulate phosphorus
and calcium balance. There are basically 2 types of phospho-
rus in our food supply, natural and added, often referred to
as organic and inorganic, and they behave differently in rates
and efficiency of absorption (Fig. 2). Natural or organic
sources of phosphorus are slowly and less efficiently ab-
sorbed, because they are dependent on enzymatic digestion
or degradation to release phosphorus from its carbon com-
ponent. Conversely, inorganic phosphorus added to foods
during preparation or processing are primarily inorganic
salts requiring no enzymatic digestion, dissociating rapidly
in the acid environment of the stomach. Unlike organic
sources, inorganic phosphate salts are rapidly and efficiently
absorbed—between 80% and 100%. Phosphorus absorption
from organic sources ranges from 40% to 60%, with that
from animal sources more completely absorbed than that
from plants. Phytate phosphorus has the lowest bioavaila-
bility in the absence of phytase treatment of whole-grain
foods (31).

Organic versus Inorganic Phosphorus

Organic forms such as Phytate

Inorganic Phosphate Salts

FIGURE 2 The figure OH OH i ‘ﬁ ﬁ' o oH
illustrates the chemical -O_p.______OO-_: —O0 O H0~F|'~0H HO—P—0—P—0OH ~P~
difference between organic | | O/ oH ou Hol | -0
O O = P— O' orthophosphoric acid pyrophosphoric acid P\O/P

phosphorus or the natural | g clm
phOSphOrUS Component O o N o trimetaphosphoric acid
of food and inorganic R e e e o o O
phosphorus, which is primarily | | | BR

] o S Q o0 ©
added to food as phosphate ; Y e
salts. The figure summarizes O=IJ>—O' O—P—O o o ) ) Eo//,oy"
the differences in the body’s (5 (lDH Ho_ﬂ_o_ﬂ_o_g_o_y._o,* (Pi0w)
physiologic handling of these b ol e ol

2 different dietary sources of
phosphorus. Ca, calcium; iPTH,
intact parathyroid hormone;
Pi, inorganic phosphorus.

action
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tetrapolyphospheric acid

* Slower rate of absorption

* Generally less bioavailable
* Bioavailable when digested
or degraded by enzymatic

* Rapidly absorbed

* Highly bioavailable

* Rapidly dissociates in gut acidity
* No enzymatic degradation



There is an important knowledge gap in our understand-
ing of the differences in absorption and influence on serum
phosphate between these 2 basic sources of dietary phospho-
rus. This information is fundamental to establishing evidence
that may implicate phosphorus intake in the development of
cardiovascular and other diseases. We need better understand-
ing of the physiologic response to these different sources
of phosphorus. Although we expect differential actions, we
know of no long-term studies that have shown different
endocrine responses for natural phosphorus relative to en-
hanced phosphorus foods. However, acute, short-term or
cross-sectional studies have been conducted (32-35). In
one recent study, which examined physiologic response to
meals based on different natural whole foods or a phosphorus
supplement, peak serum phosphate concentration, measured
over 24 h, was significantly elevated relative to the control in
those consuming a whole-grain—based meal (P = 0.006),
meat- and cheese-based meals, and an organic phosphate
supplement (P = 0.0001). Despite this, serum PTH was
only elevated (P = 0.031) with the inorganic phosphate sup-
plement (32). This study demonstrates important differences
in the rate of absorption that may trigger spikes in serum
phosphate that could affect cellular function or trigger hor-
mone response. Using a randomized crossover design, Moe
et al. (34) compared consumption of meat-based and plant-
based diets with natural sources of phosphorus that were
very similar in total protein and phosphorus content. These
investigators found significantly lower serum phosphate and
FGF-23 concentrations after 1 wk of consuming the plant-
based diet compared with the meat-based diets. The signifi-
cantly lower phosphorus in 24-h urine samples during the
plant-based diet shows the lower rate and efficiency of phos-
phorus absorption with plant-based dietary patterns.

It is more difficult to measure the effects of food additive
phosphate, because these additives are not quantified in the
ingredients list of the food label. One recent cross-sectional
study in Finland attempted to evaluate the relation between
their estimate of food additive phosphate intake and carotid
intima-media thickness (33). These investigators reported a
significant positive linear trend between estimated food ad-
ditive phosphorus intake and carotid intima-media thick-
ness, notably among women. More work is needed to
determine accurate estimates of the global use of phospho-
rus additives in food processing, as well as estimates of the
cumulative contribution to the total intake of phosphorus
from these additives.

Phosphate salts make up the majority of phosphate-
containing food additives used in food processing for a
host of desirable functions that improve the taste, texture,
color, cooking time, and many other properties in processed
food (31). The rate and efficiency of absorption of these
phosphate salts is dependent on the mineral component to
which they are bound, which will affect the rate and effi-
ciency of absorption to varying degrees. One of the most
commonly used phosphorus-containing additives, phos-
phoric acid, is rapidly absorbed and 100% bioavailable.
Phosphoric acid in cola soft drinks is consumed by millions

worldwide on a daily basis, often without food—which in-
creases the potential for periodic repetitive spikes in serum
phosphate. Kristensen et al. (35) demonstrated the potential
problems that could arise with consumption of phosphoric
acid—containing colas in the absence of an adequate dietary
source of calcium. They used a randomized crossover design
to examine daily intakes of either 2.5 L of cola or 2.5 L of
skimmed milk for 10 d with a 10-d washout between.
They reported significant increases in serum phosphate
(P<0.001), PTH (P = 0.046), calcitriol (P < 0.001), and sev-
eral serum and urine biomarkers of bone turnover (P <
0.001), showing that overconsumption of phosphoric
acid—containing cola has the potential to disrupt the endo-
crine regulation of calcium and phosphorus, which may
adversely affect multiple organ systems. Few epidemiologic
studies have examined this, but in one, the Framingham
Osteoporosis Study, cola intakes of all kinds were shown
to be associated with lower bone mineral density in women,
with a strong dose—response relation (36).

Unbalanced Phosphorus Intake Relative to
Calcium Intake Affects Health

The typical dietary pattern of many Americans is high in
phosphorus relative to calcium intake, and it is well estab-
lished that the physiologic reaction to excess phosphorus in-
take is significantly influenced by its balance with calcium.
Animal studies have shown that high dietary phosphorus
relative to calcium can induce secondary hyperparathyroid-
ism, bone resorption, lower peak bone mass, and fragile
bones in young and old animals (3,6). Dietary guidelines
recommend relative intakes of these minerals at 1:1 molar
intake ratios or 1.5:1 mass intake ratios [calcium-to-phospho-
rus (Ca:P) ratio, both in milligrams] (6,23). In reality, the Ca:P
ratio in the typical U.S. diet is well below the recommended
guidelines. Figure 3 shows the mean mass ratios of Ca:P intake
for men and women >19 y of age at selected percentiles of in-
take estimated in the NHANES 2009-2010. For 25% of the

14 -

1.2 Optimal ratio e

-=-Male-19+
-o-Female-19+

g
0.8 -
06 -
0.4 +
0.2 -

Ca : P mass intake ratio

0+ T T : :
5th  10th 25th 50th 75th 90th 95th

Percentiles of Ca : P Mass Intake Ratio, NHANES 2009-2010

FIGURE 3 Daily individual calcium-to-phosphorus (Ca:P) mass
intake ratios for men (n = 2880) and women (n = 3038) aged
=19y for selected percentiles of intake from day-1 dietary
intake estimates of NHANES 2009-2010. Unpublished data were
provided by Alanna Moshfegh, U.S. Department of Agriculture,
What We Eat in America, NHANES 2009-2010. Ca, calcium; P,
phosphorus.
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U.S. population, these ratios are <0.6. In animal studies, mass
intake ratios =0.5 have been shown to be detrimental to
bone, even when calcium intake was considered adequate (6).

Pettifor et al. (37) noted the importance of balancing in-
take between these minerals in a chronic feeding study in
young vitamin D-replete baboons. Baboons were fed 1 of
3 experimental diets, each with adequate phosphorus, but
high, normal, or low calcium levels, containing 1:0.78,
1:2.2, and 1:7.7 Ca:P mass ratios, respectively, and a fourth
diet low in both minerals with a mass ratio of 1:2.3. By 16
mo, baboons fed the low-calcium, normal-phosphorus
diet (1:7.7) showed histologic evidence of hyperparathyroid-
ism and bone loss, whereas baboons fed the low-calcium,
low-phosphorus diet (1:2.3) showed only histologic features
of osteomalacia (poorly calcified bone). These findings sug-
gest that the balance in intake between these 2 minerals may
have greater influence than the absolute level of phosphorus.
This appears to be true for human populations as well, as
shown in a cross-sectional study of young Finnish women
(38). The calcium intake of the women was greater than
the RDA in all but 1 quartile, whereas phosphorus intake
was greater than twice the RDA in all quartiles. In the quar-
tile with the lowest intake of calcium, the Ca:P intake ratio
was 0.56 and the mean serum PTH concentration was signif-
icantly higher compared with the other quartiles, whose
mass intake ratios were >0.7. Similar to animal models,
high dietary phosphorus—induced, persistently elevated
PTH has been shown to adversely affect peak bone mass
and bone fragility with aging (6).

Recent clinical evidence from the Gambia stresses the im-
portance of balance in the Ca:P intake ratio in children (39).
Braithwaite et al. showed that such an imbalance was present
in Gambian children with active rickets who consumed nat-
ural food diets containing adequate dietary phosphorus but
deficient in calcium (Ca:P molar ratio of 0.26-0.27). These
children had higher FGF-23 (65 vs. 54 RU/mL) than did
local children without rickets consuming diets with higher
molar intake ratios (0.32-0.49, P < 0.0008). In children,
the skeletal effects of calcium deficiency may be exacerbated
with greater imbalance in calcium and phosphorus intakes,
even when phosphorus intake is low or moderate. In the
Finnish study (38), adequate intake of calcium did not cor-
rect this imbalance when phosphorus intake was in great ex-
cess relative to calcium. Both natural and added sources of
phosphorus appear to influence the Ca:P intake ratio. If ei-
ther source of phosphorus is in excess relative to calcium,
disordered homeostasis through an elevation in PTH and/
or FGF-23 can occur. These data suggest that the Ca:P intake
ratio should be factored into analyses of the effect of high-
phosphorus intake on chronic disease development.

Masking of Diet-Related Changes in Serum
Phosphorus, PTH, and FGF-23 by Inherent
Circadian Rhythms and Usual Timing of

Blood Sampling

Large cross-sectional population studies have shown higher
serum PTH with habitual high-phosphorus intake (40), but
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this relation has not always been evident in cross-sectional
population studies (22). Interestingly, fasting blood samples
in the Gambian children’s study showed no significant dif-
ferences between children with active rickets and normal lo-
cal community children, for serum phosphate, ionized
calcium, 25-hydroxyvitamin D, calcitriol, FGF-23, total al-
kaline phosphatase, or PTH, despite differences in phospho-
rus and calcium intake (39).

This raises another issue as to why it is often difficult to
make the association between phosphorus intake, serum
phosphate, and the dysregulation of phosphorus balance as-
sociated with cardiovascular, bone, and kidney diseases. A
similar failure to observe changes in fasting serum phos-
phate and PTH was observed in a crossover diet study in
young women fed an experimental diet with a Ca:P mass in-
take ratio of 0.33, achieved with grocery-purchased foods
high in phosphorus additives compared with a control diet
with a mass intake ratio of 0.98, containing very few mar-
ket-purchased foods with phosphate additives (16). When
both of these groups of investigators (16,39,41) used circa-
dian designs taking multiple blood samples over a 24 h pe-
riod, significant differences in serum phosphate, PTH, and
FGF-23 were associated with higher phosphorus intake in
samples taken later in the day. Serum PTH follows an in-
herent circadian variation that closely parallels serum
phosphate (42,43). Figure 4 illustrates how both serum
phosphate and PTH fluctuate with an inherent biphasic
pattern, peaking in the afternoon and late evening but read-
justing to the morning fasting concentration of the previous
day (indicated by the arrows). This phenomenon of read-
justing to the morning fasting concentration of the previous
day has been shown for serum phosphate (16,42-44), PTH
(16,43), and, although less convincingly, FGF-23 (41,45).
The need for multiple serum sampling to monitor dietary
phosphorus effects on calcium and phosphorus balance
was first suggested by Smith and Nordin in 1964 (42), when
they were unable to demonstrate a change in serum calcium
or phosphate concentrations in response to phosphorus in-
take using a single daily blood sampling. Response to phos-
phate loading was only demonstrated when they drew 4
daily blood samples.

The time of blood sampling appears to be critical in de-
termining the effect of phosphate intake on serum phos-
phate, PTH, and FGF-23. Sampling during usual morning
hours when study participants are in a fasted state, as
is commonly done, will impair the ability to determine associ-
ations between dietary intake, phosphaturic hormones, and car-
diovascular, renal, or skeletal disease biomarkers (16,34,41—44).

Data Needs and Study Designs for Accurate
Estimates of Total Phosphorus Intake and
Physiologic Effect

Nutrient databases currently provide phosphorus intake as
total phosphorus measured from foods. As noted above,
many of the foods in the database were measured in the
past and do not include all of the phosphorus ingredients
currently used or new product formulations, meaning that



| Y o
50 N _L__‘,.._--&'
asf - :

20 ﬂ___.fl—-ﬂ--‘l----!l.._._‘i ]
b L e

sl L\J’_,J,—L‘;/L\‘L._i ]
r ©Basal Diet

3 A P;. Low Ca Diet
10f Hgh P ]

0800 1200 1600 2000 2400 0400 0800

lonized Ca,
mg/dl

iPTH,
pmol-eq/L

FIGURE 4 Hormone and mineral response of young women
to diets high in phosphorus additives from market-purchased
food compared with control diets made from similar market-
purchased foods containing little to no phosphorus additives.
Each participant served as their own control in an 8-wk
crossover study design. Participants consumed a control diet
containing ~900 mg/d phosphorus (calcium-to-phosphorus
ratio of 0.9) for the first 4 wk, followed by consumption of a
high-phosphorus additive or test diet containing ~1700 mg/d
(calcium-to-phosphorus ratio of 0.3) for the remaining 4 wk.
Individual lines indicate 24-h hormonal response to each diet.
After 4 wk of consuming the high-phosphorus foods, serum
phosphate was significantly different from the control dietary
period only in the evening samples, whereas serum PTH
remained elevated throughout the day after the morning fast.
The arrows indicate realignment of both PTH and serum
phosphate concentrations to the morning fasting levels despite
differences in dietary phosphorus. To determine the effects of
dietary intake on serum phosphate concentration, multiple
blood draws are needed in the study design. Adapted from
reference 16 with permission. iPTH, intact parathyroid hormone;
Pi, inorganic phosphorus.

these intake measures underestimate actual phosphorus ex-
posure. Continued updating of the national nutrient data-
base is needed to optimize these measures. However, error
will be difficult to eliminate entirely, because the phospho-
rus content of specific foods may vary by their prepara-
tion and packaging methods. For example, most dietary
assessments will not ask the respondent to identify whether
or not the roast turkey or chicken they consumed was fresh
or packaged with basting liquid. Because the latter is a major
source of phosphorus, this will be a source of error for indi-
viduals. Similar sources of misclassification will exist for a
wide variety of prepared products, which may or may not
contain added phosphorus. Attention to these variations is
needed to better capture the effects of the processed food
supply, but this will be challenging because many individuals

will not be aware of the type of processing for some items
consumed, particularly those consumed outside the home.

Even with optimal assessment of total phosphorus intake,
the use of total phosphorus as a variable may be misleading.
As discussed above, we know that absorption and metabo-
lism differ for phosphorus embedded in the food matrix
with other nutrients from that of added phosphorus com-
pounds. More research is needed to better quantify these
differences and the potential differential effects they may
have on health outcomes. One place to begin is with our
knowledge of differences in absorption. Because added
phosphorus is almost fully absorbed, although estimates
suggest that only ~40-60% of food-bound phosphorus is
absorbed, it is important to be able to classify intakes by
these 2 categories at a minimum. Similar calculations have
been made available recently for vitamin B12 and folic
acid, both of which are also much better absorbed as sup-
plements or stable compounds added to fortified foods.
The USDA nutrient data group now provides variables for
added B12 and folic acid and, in the case of the latter, a
new variable that incorporates what we know about folate
bioavailability to estimate total folate equivalents (46). An-
other example is heme and non-heme iron, with additional
algorithms for effects on absorption from co-consumed
foods, including less absorption in the presence of phytates
and polyphenolic compounds, coffee, tea, soy products, eggs,
and calcium and enhanced absorption with vitamin C, meat,
poultry, fish and seafood, and alcohol (47).

Because of the risk of hyperphosphatemia, most research
in this area has been conducted in relation to kidney disease,
in which patients are instructed to avoid foods high in phos-
phorus and are prescribed phosphorus binders (31). Still, it
is only recently that much consideration has been given to
the bioavailability of phosphorus (31,34,48). Because both
phosphorus intake and kidney disease are increasing in the
U.S. diet and around the world, it is likely that consideration
of these complex balances will become more important for
the general population (49).

More research is needed to quantify absorption of differ-
ing phosphorus compounds and to identify and quantify ef-
fects of co-consumed foods and nutrients, such as calcium,
on phosphorus bioavailability. The evidence of periodicity in
relation to long-term effects must be considered, because
co-timing of exposure may be more important than the
overall Ca:P ratio. Inclusion of supplements and phosphorus
in frequently used over-the-counter medications, such as
antacids and laxatives, must also be considered in estimates
of phosphorus exposure.

Conclusions

The evidence of increasing phosphorus intake is clear, with
more compounds being added to the food supply and more
foods consumed as processed or pre-prepared, and the risk
of exceeding the current upper intake level is feasible for
large segments of the population. Beyond that, there is accu-
mulating evidence that both the high intakes and the poor
balance of intake with other nutrients may place individuals
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at risk of kidney disease, bone loss, cardiovascular disease,
and other chronic health conditions. However, evidence
linking these in the general population remains weak at
this time, likely attributable to poor assessment of true phos-
phorus exposure and bioavailability.

Based on evidence of differences in bioavailability of dif-
fering forms of phosphorus compounds and effects of co-
nutrient modification, there is a need for the development
of algorithms for use in modeling the phosphorus impact
in human health. A first step is to continue to improve nu-
trient database estimates of phosphorus in processed foods
and to capture these more effectively in dietary assessment.
A second step is to create a new variable in the database that
identifies added phosphorus separately from natural food
phosphorus. With this information, consideration of bioa-
vailability of plant vs. animal sources, co-consumed foods
and Ca:P ratios at meals, and other acquired information
on phosphorus absorption and bioavailability can be used
to better estimate meaningful exposure. Improved data
and research designs will allow researchers to identify poten-
tial risks on chronic disease outcomes so that health profes-
sionals can better advise patients on healthy diet and health
maintenance.
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