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ABSTRACT
Background: Urinary phosphorus excretion has been proposed as a recovery biomarker of dietary phosphorus intake.

However, it is unclear whether phosphorus excretion is constant across a range of dietary and nondietary factors.

Objective: We assessed whether percentage urinary phosphorus excretion is constant across 3 dietary patterns in the

Dietary Approaches to Stop Hypertension (DASH) trial.

Methods: DASH is a completed feeding study of 459 prehypertensive and stage 1 hypertensive adults (52% male, 56%

black). After a 3-wk run-in on a typical American (control) diet, participants were randomly assigned to the control diet,

a diet rich in fruits and vegetables (FV diet), or a diet rich in fruits, vegetables, and low-fat dairy with reduced saturated

fat and cholesterol (DASH diet) for 8 wk. We estimated the percentage phosphorus excretion as urinary phosphorus

excretion (from 24 h urine) divided by phosphorus intake (from analyzed food composites). Differences between group

means for all 3 diets were compared by ANOVA followed by pairwise comparisons with Tukey’s honest significant

difference test.

Results: At the end of the intervention, the mean phosphorus intake was 1176 mg/d (95% CI: 1119, 1233 mg/d),

1408 mg/d (1352, 1464 mg/d), and 2051 mg/d (1994, 2107 mg/d) in the control, FV, and DASH diet, respectively (P < 0.001,

all comparisons). The mean phosphorus excretion was 734 mg/d (682, 787 mg/d), 705 mg/d (654, 756 mg/d), and 872

mg/d (820, 923 mg/d) in the control, FV, and DASH diet, respectively (P = 0.74 control vs. FV, P < 0.001 all other

comparisons). The mean percentage phosphorus excretion was 63% (60%, 67%), 51% (48%, 54%), and 43% (39%,

46%) in the control, FV, and DASH diet, respectively (P < 0.001, all comparisons).

Conclusions: These findings in prehypertensive and stage 1 hypertensive adults strongly suggest that urinary

phosphorus excretion should not be used as a recovery biomarker for dietary phosphorus intake, given the wide range

of urinary phosphorus excretion across dietary patterns. This trial is registered at clinicaltrials.gov as NCT0000054. J

Nutr 2019;149:816–823.
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Introduction

The average dietary phosphorus intake in US adults is twice
the required amount to avoid deficiency (700 mg/d), and
intake is increasing (1, 2). Conflicting studies, mainly small or
cross-sectional in nature, have found associations of dietary
phosphorus intake with both beneficial (3–5) and adverse
(6–10) measures of health, ranging from blood pressure to
all-cause mortality. The estimation of absolute phosphorus
intake is critical to the study of dietary phosphorus intake.
Phosphorus is nearly ubiquitous in the diet, with grain, meat,
and milk products contributing >75% of the total intake
(2). Additionally, phosphorus is added to processed foods in

a variety of forms: sodium phosphates, calcium phosphates,
and phosphoric acids (11). The total amount, chemical form
(phosphates vs. phytates), and source (added vs. naturally
occurring) of phosphorus in food vary greatly between broad
food groups (grains vs. meat) and between very similar
food products (crackers vs. cookies) (11). Nutrient database
estimates of the phosphorus content of meats (12) and beverages
(13) have been shown to be inaccurate.

Once consumed, phosphorus-containing molecules may
be readily absorbed, broken down by human or bacterial
enzymes in the gut, and then absorbed, or may pass into
the feces unabsorbed (14, 15). Once absorbed, phosphorus
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may be incorporated into the skeleton and other bodily
tissues or excreted in the urine (16). Several small or cross-
sectional studies have suggested that the percentage of dietary
phosphorus excreted in the urine varies in accordance with
dietary and nondietary factors. Lower percentage phosphorus
excretion in the urine has been seen in diets higher in vegetarian
protein than meat protein (17), and from a higher consumption
of oatmeal porridge, rye bread, and cheese than that of beef,
pork, and sodium phosphate (18). Percentage phosphorus
excretion has also been shown to vary by sex, smoking status,
physical activity level, and BMI (19).

Despite this, urinary phosphorus excretion has been pro-
posed as a recovery biomarker of total dietary phosphorus
intake. An important assumption in the use of urinary
phosphorus as a recovery biomarker is that dietary phosphorus
intake is excreted at a constant rate in the urine for all
individuals, regardless of dietary or nondietary factors (20–23).
Several studies have used a percentage of dietary phosphorus
excreted in the urine (percentage phosphorus excretion) of 65%
to estimate intake for all individuals (20, 21, 24), whereas
a recent meta-analysis of 14 studies found the mean ± SD
percentage phosphorus excretion to be 62.7 ± 17.4% (19).
However, the correlation between urinary excretion and self-
reported dietary intake ranges from low to moderate in prior
studies, with Spearman’s correlation coefficients of 0.29–0.53
(19, 20, 25).

To inform the validity of urinary phosphorus excretion
as a recovery biomarker for dietary phosphorus intake, we
performed a secondary analysis of data from a randomized
feeding study—the Dietary Approaches to Stop Hyperten-
sion (DASH) trial. We examined the association of dietary
phosphorus intake with urinary phosphorus excretion across
3 dietary treatment arms of the trial. Additionally, we compared
dietary phosphorus intake estimated from a nutrient database
and chemically analyzed food composites collected during the
DASH trial intervention.

Methods
Study design
The DASH trial is a completed randomized feeding study of 459
prehypertensive and stage 1 hypertensive adult men and women
assigned to 1 of 3 study diets for 8 wk with blood pressure as the
main outcome. Details of the study design have been reported elsewhere
(26–28). Briefly, DASH participants were adults ≥22 y old, not taking
antihypertensive medication, with an average systolic blood pressure
of <160 mm Hg and diastolic blood pressure of 80–95 mm Hg.
Participants were enrolled in phases between September 1994 and
January 1996 at 4 US centers (Baltimore, MD; Baton Rouge, LA;
Boston, MA; Durham, NC), and received all meals and snacks from
the study. All participants underwent a 3-wk run-in period on a typical
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American (control) diet, followed by an 8-wk intervention period where
participants were randomly assigned to either stay on the control diet,
or to consume a diet high in fruits and vegetables (FV diet), or one rich
in fruits, vegetables, and low-fat dairy with reduced saturated fat and
cholesterol (DASH diet) (Supplemental Figure 1). Each diet consisted of
a 7-d menu cycle with 21 unique meals (Supplemental Table 1), and
were designed with targets for fat (saturated, monounsaturated, and
polyunsaturated), carbohydrates (total and fiber), protein, cholesterol,
potassium, magnesium, calcium, and sodium, but not for phosphorus.

To keep participants at a constant weight, each diet was prepared
at 4 calorie levels (1600, 2100, 2600, and 3100 kcal/d). Intermediate
calorie levels were provided through the use of “unit foods” (muffins or
cookies that provided 100 kcal and with the same levels of the targeted
nutrients per 100 kcal as in the assigned diet). Urine was collected over
a 24-h period once during screening, once within the last week of the
run-in, and once within the last 13 d of the intervention. Serum samples
were collected during the last week of the run-in and the last week
of the intervention. Detailed protocols were developed for the recipes,
ingredients, preparation, and delivery of foods to standardize the diets
across the 4 centers (26, 27, 29).

Diet composition analysis
To validate the target nutrient contents in each diet, daily menus for
an additional “participant” were collected at each center throughout
the intervention, rotating the kilocalorie level collected each week for
each diet, as described previously (30). In this study, phosphorus was
analyzed in diet/kcalorie level composite samples, prepared through the
use of archived aliquots of 7-d diet cycle composites from each center in
blinded duplicate samples of each diet/kcalorie composite, at Medallion
Laboratories (Minneapolis, MN) by inductively coupled plasma optical
emission spectrometry through the use of AOAC method 2011.14 (31)
(Supplemental Figure 2). The mean of each set of duplicate samples
was used for analysis. The overall percentage difference of the nutrient
database estimate of phosphorus for each diet was calculated as the
mean of the percentage difference of the nutrient database estimate
of phosphorus for the 4 calorie level composites. Mean percentage
differences (nutrient database vs. composite analysis) for all 3 diets were
compared by ANOVA, followed by pairwise comparisons with Tukey’s
honest significant difference test only if the ANOVA was statistically
significant at the P < 0.05 level.

Moisture was analyzed to ensure that no water was lost during
storage through the use of the same methodology as the original
study (27). Control samples were also analyzed to ensure consistency
of method performance between the analyses in 1994–1995 and
2018. Additionally, 4 reference materials with certified phosphorus
concentrations were included, representing different food matrices and
phosphorus levels: SRM 2383a Baby Food, SRM 1549a Whole Milk
Powder, SRM 1546a Meat Homogenate, and SRM 1567b Wheat Flour
(National Institute of Standards and Technology).

Analysis of dietary intake and urinary excretion of
phosphorus
The phosphorus content of diet menus was evaluated by nutrient
database estimate and composite analysis. The nutrient database
estimate was from the original study menus built in Moore’s Extended
Nutrient database (MENu) version 1.0 (1994, Pennington Biomedical
Research Foundation). There were no composites available for unit
foods, so the phosphorus content of the unit foods was estimated
through the use of the original MENu nutrient database values for
the nutrient database estimate and the MENu nutrient database value
adjusted by the mean percentage difference of the nutrient database
estimate of phosphorus for the composite analysis.

We calculated each participant’s mean phosphorus intake (sepa-
rately by nutrient database estimate and composite analysis) as the
mean of their daily intakes (menu + unit foods) over the run-in
and intervention periods. We calculated each participant’s percentage
phosphorus excretion for each study period by dividing their 24-h
urinary phosphorus excretion by their mean dietary phosphorus intake
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FIGURE 1 Food sources of phosphorus in the control (A), fruits and vegetables (B), and DASH (C) diets at the 2100 kcal/d energy level,
estimated from nutrient database values. Values are percentage of total phosphorus contributed by a specific food source. DASH, Dietary
Approaches to Stop Hypertension; Fruit/Veg, fruits and vegetables.

(separately by nutrient database estimate and composite analysis).
If data on a participant’s calorie intake were missing for a given
day, we used the last known value carried forward. Completeness of
24-h urine samples was assessed through the use of the coefficient
of variation for urinary creatinine excretion across all available 24-
h samples (screening, run-in, and intervention) (32). Participants with
missing urinary excretion data were excluded. The percentage of total
phosphorus intake from specific dietary sources was estimated through
the use of the MENu nutrient database estimates of the phosphorus
content of each individual food in the 2100 kcal/d diet arm.

The correlation of dietary phosphorus intake with urinary
phosphorus excretion was assessed through the use of Spearman’s
rank correlation coefficient. Group means and 95% CIs for dietary
phosphorus intake (composite analysis and nutrient database values),
urinary phosphorus excretion, and percentage phosphorus excretion
were calculated with the use of marginal estimates from linear regression
models both crude and adjusted for age, race (black vs. nonblack), sex,
BMI, serum 1,25-dihydroxycholecalciferol (picograms per milliliter),
and energy intake (kcalories per day). Group means for all 3 diets were
compared by ANOVA, followed by pairwise comparisons with Tukey’s
honest significant difference test only if the ANOVA was statistically
significant at the P < 0.05 level. We performed a subgroup analysis
for dietary intake, urinary excretion, and percentage excretion by age,
race (black vs. nonblack), sex, BMI, smoking status, and changes in
serum 1,25-dihydroxycholecalciferol and energy intake. All statistical

analyses were performed with Stata Version 14 (StataCorp). Figures
were produced with R, Stata, and Inkscape Version 0.92 (The Inkscape
Project).

Results
Phosphorus content of diets

The phosphorus content from the composite sample analysis
was lowest in the control diet (978 mg/2100 kcal), followed by
the FV and DASH diets (1212 mg/2100 kcal and 1692 mg/2100
kcal, respectively) (Supplemental Table 2). Based on the nutrient
database values for foods included in the diets, meats were the
major source of phosphorus (58%) in the control diet. In the
FV diet, meats and fruits and vegetables were the major sources
of phosphorus (42% and 36%, respectively). In the DASH diet,
the major sources were meats, dairy, and fruits and vegetables
(32%, 28%, and 26%, respectively) (Figure 1 and Supplemental
Table 2). Compared to the composite analysis, the nutrient
database underestimated the phosphorus content of the FV and
DASH diets by 15.9% (95% CI: 13.0%, 18.8%) and 15.5%
(12.6%, 18.4%), respectively, but not the control diet, 1.2%
(–1.7%, 4.1%). The percentage difference was significantly

TABLE 1 Baseline characteristics in adults randomly assigned to consume the control, fruits and vegetables, or DASH diet (among
participants with urinary phosphorus data)1

Control FV DASH Total P2

n 136 (34.3) 133 (33.5) 128 (32.2) 397 (100.0)
Age, y 44.9 ± 11.2 45.3 ± 10.7 44.5 ± 10.0 44.9 ± 10.7 0.83
Black 78 (57.4) 74 (55.6) 73 (57.0) 225 (56.7) 0.96
Male 73 (53.7) 69 (51.9) 63 (49.2) 205 (51.6) 0.77
BMI, kg/m2 28.1 ± 3.7 28.2 ± 4.0 28.4 ± 3.9 28.2 ± 3.9 0.82
Smoking status 0.36

Current 11 (21.6) 17 (29.3) 9 (18.0) 37 (23.3)
Noncurrent 40 (78.4) 41 (70.7) 41 (82.0) 122 (76.7)

Study center 0.99
A 39 (28.7) 39 (29.3) 39 (30.5) 117 (29.5)
B 29 (21.3) 26 (19.5) 22 (17.2) 77 (19.4)
C 26 (19.1) 27 (20.3) 26 (20.3) 79 (19.9)
D 42 (30.9) 41 (30.8) 41 (32.0) 124 (31.2)

Urinary phosphorus excretion, mg/d 792 ± 326 799 ± 323 833 ± 339 807 ± 329 0.56

1Values are means ± SDs or frequency (%). DASH, Dietary Approaches to Stop Hypertension diet; FV, fruits and vegetables diet.
2Chi-square test for categorical variables, ANOVA for continuous variables.
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higher for the FV and DASH diets than for the control diet
(P < 0.001, both comparisons), but not significantly different
between the FV and DASH diets (P = 0.96).

Quality control

Among participants with at least 2 urine collections, 99.5%
had a coefficient of variation for urinary creatinine excretion
below the 80% cutoff used in previous studies, suggesting high
completeness of urine collections (32). The mean percentage
difference between composite sample blind replicates was
0.62% (range 0.11–1.39%). There was high agreement between
of the 2018 and 1994 composite analyses for sodium, with a
median Horwitz ratio of 0.4 (range 0.0–0.9) (33). There was
no significant moisture loss in the composite samples during
storage. The phosphorus content of the reference materials
was underestimated by 3.7%, 6.4%, 10.0%, and 5.6% for
SRM 1546a Meat Homogenate, SRM 1549a Whole Milk
Powder, SRM 1567b Wheat Flour, and SRM 2383a Baby Food,
respectively. The estimate was below the approximate 95% CI
for SRM 1549a Whole Milk Powder, SRM 1567b Wheat Flour,
and SRM 2383a Baby Food.

Participant characteristics

Of the 397 participants with urinary phosphorus excretion data
prior to run-in, the mean age was 44.9 y, 56.7% were black,
51.6% were male, and the mean BMI was 28.2 kg/m2 (Table 1).
Of the 40% of participants with information on smoking status,
23.3% were current smokers. Complete dietary and urinary
data were available for 341 of the 459 randomly assigned
participants (Supplemental Table 3). Those missing dietary
phosphorus intake and/or urinary phosphorus excretion data
were younger, consumed fewer calories, had lower serum 1,25-
dihydroxycholecalciferol, and were more likely to be black,
female, current smokers, and from a particular study center.

Phosphorus intake and excretion

Dietary phosphorus intake (from the composite sample analy-
sis) was positively correlated with urinary phosphorus excretion
during both the run-in and intervention periods (Figure 2).

During the run-in, when all participants ate the control
diet, the mean phosphorus intake was not significantly
associated with the subsequent random diet assignment (P-
interaction = 0.24 and 0.22 for nutrient database and compos-
ite sample analysis, respectively), as expected (Table 2). Like-
wise, mean urinary phosphorus excretion was not significantly
different by randomly assigned group (P-interaction = 0.065).
However, the mean percentage phosphorus excretion was
significantly lower among participants who were subsequently
randomly assigned to the control diet than those randomly
assigned to the FV diet both by nutrient database and composite
sample analysis (P = 0.003 and 0.004, respectively). After ad-
justment for study center, age, race, sex, BMI, calorie intake, and
serum 1,25-dihydroxycholecalciferol, those randomly assigned
to the control diet had significantly lower urinary phosphorus
excretion than those randomly assigned to the FV or DASH diet
(P = 0.015 and 0.014, respectively).

During the intervention period, the mean phosphorus intake
by composite sample analysis was highest in those randomly
assigned to the DASH diet, followed by those on the FV diet,
and was lowest in those on the control diet (P < 0.001,
all comparisons) (Table 3). The mean phosphorus intake by
nutrient database was significantly higher in those randomly
assigned to the DASH diet than in those on the control
or FV diet (P = 0.001, both comparisons), but there was

FIGURE 2 Correlation of urinary phosphorus excretion with dietary
phosphorus intake, estimated from composite samples, at (A) the
end of the run-in and (B) the end of the intervention in adults
randomly assigned to consume the control, fruits and vegetables,
or DASH diet. Values are mean individual dietary phosphorus intake
for a given study period by composite sample analysis (milligrams
per day) and urinary phosphorus excretion from a single 24-h urine
collection (milligrams per day). β coefficient and trend line from linear
regression of urinary phosphorus excretion on dietary phosphorus
intake. ∗P < 0.001. DASH, Dietary Approaches to Stop Hypertension;
FV, fruits and vegetables; rho, Spearman’s correlation coefficient.

no significant difference between the control and FV diets
(P = 0.61). The mean urinary phosphorus excretion was higher
in those randomly assigned to the DASH diet than in those
on the control or FV diets (both comparisons P < 0.001), but
there was no significant difference between the control and FV
diets (P = 0.70). The mean percentage phosphorus excretion
(composite sample analysis) was lowest in the participants
randomly assigned to the DASH diet, followed by the FV
and control diets (P < 0.001, all comparisons). The mean
percentage phosphorus excretion (nutrient database analysis)
was lowest in participants randomly assigned to the DASH
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TABLE 2 Mean dietary phosphorus intake, urinary excretion, and percentage excretion at the end of the run-in in adults randomly
assigned to consume the control, fruits and vegetables, or DASH diet (all participants received the control diet during the run-in)1

Control Fruits and vegetables DASH
Crude Adjusted2 Crude Adjusted2 Crude Adjusted2

n 120 117 128 127 119 119
Dietary phosphorus intake, mg/d

Composite sample 1164 (1128, 1200) 1144 (1137, 1151) 1120 (1084, 1155) 1143 (1136, 1150) 1144 (1108, 1181) 1144 (1137, 1151)
Nutrient database 1145 (1108, 1183) 1125 (1119, 1131)a 1100 (1064, 1137) 1125 (1119, 1130) 1123 (1086, 1161) 1124 (1118, 1130)

Urinary phosphorus excretion, mg/d 669 (619, 719)b 655 (608, 701)b 745 (697, 794)a 747 (702, 791)a 738 (688, 788)a 748 (702, 794)a

Urinary phosphorus excretion, % of intake
Composite sample 58 (54, 62)b 58 (54, 62)b 67 (63, 71)a 66 (62, 70)a 65 (61, 69)a,b 66 (62, 70)a

Nutrient database 59 (55, 63)b 59 (55, 63)b 69 (65, 73)a 67 (64, 71)a 66 (62, 70)a,b 67 (63, 71)a

1Values are means (95% CIs). DASH, Dietary Approaches to Stop Hypertension.
2Adjusted for age, black race, sex, serum 1,25-dihydroxycholecalciferol, BMI, study center, and calorie intake. Means within a row and adjustment category without a common
letter differ, P < 0.05.

diet, followed by the FV and control diets (P < 0.001,
both comparisons), respectively, but there was no significant
difference between the control and FV diets (P = 0.26).
Adjustment for study center, age, race, sex, BMI, calorie intake,
and serum 1,25-dihydroxycholecalciferol did not substantively
change the results.

Between the end of the run-in and the end of the intervention,
the mean dietary phosphorus intake did not change significantly
for the control diet (P = 0.27 and 0.40 for the nutrient database
and composite sample analysis, respectively), but it increased
significantly for the FV and DASH diets (P < 0.001 for both
the nutrient database and composite sample analysis) (Table 4).
Phosphorus intake (by both nutrient database and composite
sample analysis) increased the most for participants randomly
assigned to the DASH diet, followed by the FV and control
diets, respectively (P < 0.001, all comparisons). The mean
urinary phosphorus excretion increased significantly for those
on the control and DASH diets (P = 0.017 and P < 0.001,
respectively), but did not change significantly for those on the
FV diet (P = 0.095).

The percentage phosphorus excretion increased significantly
for those on the control diet (P = 0.017 and 0.014 for the
nutrient database and composite sample analysis, respectively),
and decreased significantly for those on the FV and DASH diets
(P < 0.001 for both the nutrient database and composite sample
analysis). The percentage phosphorus excretion decreased sig-
nificantly more for the DASH diet than for the FV diet according
to the nutrient database, but not the composite sample analysis
(P = 0.019 and 0.095, respectively). After adjustment for
study center, age, race, sex, BMI, calorie intake, and serum

1,25-dihydroxycholecalciferol, the percentage phosphorus ex-
cretion decreased significantly more for the DASH diet than
for the FV diet according to the composite sample analysis
(P = 0.047).

Subgroup analyses

We assessed the linear associations of age, BMI, black
race, male sex, smoking status, and changes in serum 1,25-
dihydroxycholecalciferol and energy intake with phosphorus
intake, total excretion, and percentage excretion for the change
from the end of the run-in to the end of the intervention,
adjusted for only the randomization group (crude), and for age,
BMI, black race, male sex, study center, randomization group,
and changes in serum 1,25-dihydroxycholecalciferol and energy
intake (fully adjusted) (Supplemental Table 4).

Increased phosphorus intake (nutrient database) was posi-
tively associated with baseline BMI (P < 0.001, fully adjusted),
increased calorie consumption (P < 0.001, fully adjusted),
and male sex (P < 0.001, fully adjusted), but was negatively
associated with age (P = 0.0273, fully adjusted). Increase in
phosphorus intake (composite analysis) was also positively
associated with baseline BMI (P < 0.001, fully adjusted),
increased calorie consumption (P < 0.001, fully adjusted), and
male sex (P < 0.001, fully adjusted), and negatively associated
with age (P = 0.004, fully adjusted). Increased urinary phos-
phorus excretion was positively associated with baseline BMI
(P < 0.001, fully adjusted). Increased percentage phosphorus
excretion (nutrient database) was positively associated with
baseline BMI (P = 0.002, fully adjusted) and decreased
calorie consumption (P = 0.002, fully adjusted). Increased

TABLE 3 Dietary phosphorus intake, urinary excretion, and percentage excretion at the end of the intervention in adults randomly
assigned to consume the control, fruits and vegetables, or DASH diet1

Control Fruits and vegetables DASH
Crude Adjusted2 Crude Adjusted2 Crude Adjusted2

n 126 121 131 122 130 123
Dietary phosphorus intake, mg/d

Composite sample 1176 (1119, 1233)c 1172 (1154, 1190)c 1408 (1352, 1464)b 1419 (1401, 1437)b 2051 (1994, 2107)a 2065 (2047, 2083)a

Nutrient database 1158 (1108, 1207)b 1155 (1142, 1168)c 1191 (1143, 1239)b 1200 (1188, 1213)b 1755 (1707, 1804)a 1768 (1755, 1780)a

Urinary phosphorus excretion, mg/d 734 (682, 787)b 728 (683, 773)b 705 (654, 756)b 709 (664, 754)b 872 (820, 923)a 862 (817, 907)a

Urinary phosphorus excretion, % of intake
Composite sample 63 (60, 67)a 63 (60, 66)a 51 (48, 54)b 51 (48, 54)b 43 (39, 46)c 42 (39, 45)c

Nutrient database 64 (61, 68)a 64 (61, 67)a 60 (57, 64)a 60 (57, 64)a 50 (46, 53)b 49 (45, 52)b

1Values are means (95% CIs). DASH, Dietary Approaches to Stop Hypertension.
2Adjusted for age, black race, sex, serum 1,25-dihydroxycholecalciferol, BMI, study center, and calorie intake. Means within a row and adjustment category without a common
letter differ, P < 0.05.
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TABLE 4 Change in dietary phosphorus intake, urinary excretion, and percentage excretion between the end of the run-in and the
end of the intervention in adults randomly assigned to consume the control, fruits and vegetables, or DASH diet1

Control Fruits and vegetables DASH
Crude Adjusted2 Crude Adjusted2 Crude Adjusted2

n 111 108 118 117 112 112
Dietary phosphorus intake, mg/d

Composite sample 15 (–19, 49)c 2 (–28, 33)c 280 (247, 313)b,∗ 294 (265, 324)b,∗ 933 (900, 967)a,∗ 933 (903, 963)a,∗

Nutrient database 14 (–11, 40)c 8 (–17, 34)c 84 (59, 109)b,∗ 91 (67, 116)b,∗ 653 (627, 679)a,∗ 653 (628, 677)a,∗

Urinary phosphorus excretion, mg/d 71 (15, 127)a,∗ 83 (27, 139)a,∗ –46 (–101, 8)b –45 (–98, 9)b 120 (64, 176)a,∗ 112 (57, 166)a,∗

Urinary phosphorus excretion, % of intake
Composite sample 6 (1, 10)a,∗ 7 (2, 12)a,∗ –17 (–21, –12)b,∗ –17 (–21, –12)b,∗ –23 (–28, –19)b,∗ –24 (–29, –20)c,∗

Nutrient database 6 (1, 11)a,∗ 7 (2, 12)a,∗ –9 (–13, –4)b,∗ –9 (–13, –4)b,∗ –18 (–23, –13)c,∗ –19 (–23, –14)c,∗

1Values are means (95% CIs). DASH, Dietary Approaches to Stop Hypertension.
2Adjusted for age, black race, sex, serum 1,25-dihydroxycholecalciferol (at run-in), BMI (at run-in), study center, and calorie intake (at run-in). Means within a row and adjustment
category without a common letter differ, P < 0.05.

percentage phosphorus excretion (composite analysis) was
positively associated with baseline BMI (P = 0.003, fully
adjusted) and decreased calorie consumption (P = 0.004, fully
adjusted).

Discussion

In this secondary analysis of a randomized controlled feeding
study, we found that the percentage of dietary phosphorus
excreted in the urine was not constant across 3 dietary treatment
arms. Our results strongly suggest that urinary phosphorus
excretion should not be used as a recovery biomarker for dietary
phosphorus intake. We also found that the nutrient database
underestimated the phosphorus content in diets high in fruits
and vegetables (the DASH and FV diets), but was relatively
accurate for a typical American diet (the control diet).

We found that 63.3% of dietary phosphorus intake is
excreted in the urine of participants on the control diet,
which is very similar to the 62.7% found in a recent meta-
analysis by Shinozaki and others (19), yet participants on
the FV diet excreted 51.0% and those on the DASH diet
excreted only 42.6%. Compared with the control diet, the FV
diet had a greater proportion of phosphorus from nongrain
fruits and vegetables, whereas the DASH diet had a greater
proportion from nongrain fruits and vegetables as well as dairy.
This is in line with research suggesting that some fruits and
vegetables (specifically nuts) may be incompletely digested (34).
Additionally, the higher calcium content of the DASH diet (from
dairy) may have resulted in a further reduction in phosphorus
absorption (3, 35).

We also found that the absolute and percentage urinary
phosphorus excretion of those on the control diet increased
significantly between the run-in and the intervention, suggesting
that equilibrium was not reached after a full 3 wk on the control
diet. This is in line with a study that found that urinary excretion
of intravenously administered sodium phosphate progressively
increased both during and after a 36-h administration (36) and
another that found that fecal phosphorus excretion (specifically
phytate phosphorus) did not stabilize in young adult women
over a 10-d period (37).

The strengths of the DASH trial include the large sample size,
diverse population, high follow-up rate, carefully controlled
feeding conditions, large phosphorus contrasts between diets,
and the randomized design. The strengths of the current study
include our use of 2 estimates of phosphorus content, composite
samples and nutrient database. There was relatively good

agreement between blind replicates in the composite sample
analysis, and the sodium values were similar between the 1997
and 2018 analyses. Although there were significant differences
between the nutrient database estimates and our composite
sample analysis, the direction of the results agree.

This study also has some important limitations. First, we
were not able to determine which aspects of the FV diet and
DASH diet led to lower percentage phosphorus excretion than
the control diet. However, plant sources of phosphorus (FV
diet and DASH diet) and calcium (DASH diet) have both been
found to lower urinary excretion in several studies (17, 18,
38). Our results are in line with these findings. Second, we
only had 1 urine collection at each time point, giving us a
less reliable estimate of each individual’s urinary phosphorus
excretion. However, this would be expected to bias results
towards the null, and the study was sufficiently powered to find
differences between the intervention groups. Third, the analyzed
values for the reference standards were lower than expected,
possibly suggesting a loss of composite sample during analysis.
However, this would be expected to result in an underestimate
of the phosphorus content of the composite samples, biasing our
results towards the null.

All of these findings strongly suggest that urinary phospho-
rus excretion neither stabilizes quickly to changes in intake nor
stabilizes uniformly across dietary patterns. Although it could
be possible to take individual characteristics (such as age, race,
or sex) into account when estimating dietary phosphorus intake
from urinary phosphorus excretion, it would be impractical to
require characterization of diet in an equation meant to estimate
dietary intake. The use of urinary phosphorus excretion as
a recovery biomarker would lead to the underestimation of
phosphorus intake in those consuming diets similar to the
FV or DASH diet. Additionally, nutrient databases appear
to underestimate the phosphorus content of diets high in
fruits and vegetables, but not a typical American diet. Such
underestimation may lead to spurious inverse associations
between phosphorus intake and the health benefits associated
with diets rich in fruits and vegetables, or ones rich in fruits,
vegetables, and low-fat dairy with reduced saturated fat and
cholesterol.

In summary, given the errors in nutrient databases, urinary
biomarkers are a tempting alternative for nutrition researchers.
For urinary excretion of phosphorus to serve as a recovery
biomarker for dietary phosphorus intake, it must be excreted
at a predictable rate across individuals. The current analysis
strongly suggests that urinary phosphorus excretion does
not meet this requirement. Wherever possible, researchers
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should use food samples to directly measure phosphorus
intake. Furthermore, updating nutrient database estimates (and
including measurement of error in those estimates) is critical to
the accurate study of dietary phosphorus.

In this secondary analysis of a randomized controlled feeding
study, we found that the percentage of dietary phosphorus
excreted in the urine varies significantly by dietary pattern.
These data suggest that urinary phosphorus excretion is not a
valid recovery biomarker for dietary phosphorus intake.
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