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ABSTRACT
Background: Long-term dietary phosphorus excess influences disturbances in mineral metabol-
ism, but it is unclear how rapidly the mineral metabolism responds to short-term dietary change
in dialysis populations.
Methods: This was a post hoc analysis of a randomized crossover trial that evaluated the short-
term effects of low-phosphorus diets on mineral parameters in hemodialysis patients. Within a
9-day period, we obtained a total of 4 repeated measurements for each participant regarding
dietary intake parameters, including calorie, phosphorus, and calcium intake, and markers of min-
eral metabolism, including phosphate, calcium, intact parathyroid hormone (iPTH), intact fibro-
blast growth factor 23 (iFGF23), and C-terminal fibroblast growth factor 23 (cFGF23). The
correlations between dietary phosphorus intake and serum mineral parameters were assessed by
using mixed-effects models.
Results: Thirty-four patients were analyzed. In the fully adjusted model, we found that an
increase in dietary phosphorus intake of 100mg was associated with an increase in serum phos-
phate of 0.3mg/dL (95% confidence intervals [CI], 0.2–0.4, p< .001), a decrease in serum calcium
of 0.06mg/dL (95% CI, �0.11 to �0.01, p¼ .01), an increase in iPTH of 5.4% (95% CI, 1.4–9.3,
p¼ .01), and an increase in iFGF23 of 5.0% (95% CI, 2.0–8.0, p¼ .001). Dietary phosphorus intake
was not related to cFGF23.
Conclusions: Increased dietary phosphorus intake acutely increases serum phosphate, iPTH, and
iFGF23 levels and decreases serum calcium levels, highlighting the important role of daily fluctu-
ations of dietary habits in disturbed mineral homeostasis in hemodialysis patients.
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Introduction

Chronic kidney disease-mineral and bone disorder

(CKD-MBD) is very common in patients with end-stage

kidney disease (ESKD), and emerging evidence suggests

that mineral metabolism disorders, including hyper-

phosphatemia, fibroblast growth factor 23 (FGF23)

excess, and secondary hyperparathyroidism, contribute

to the high rates of adverse cardiovascular outcomes

and premature death [1–4]. Phosphate retention plays

an important role in the development of CKD-MBD
[5,6]. In addition to adequate dialysis and pharmaceut-
ical treatments, dietary phosphorus restriction has long
been a cornerstone of therapy and is a recommended
way to ameliorate phosphate retention [7–9]. Animal
studies have demonstrated that dietary phosphorus
regulates mineral metabolism markers [10–12]. In add-
ition, in human studies, dietary phosphorus has been
found to acutely change mineral parameters [13,14].
Previous clinical studies assessing the relationship
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between dietary phosphorus restriction and CKD-MBD
marker levels have focused on non-dialysis populations
[15,16]. There is scant evidence to suggest that dietary
phosphorus restriction positively affects CKD-MBD
markers in patients with CKD [17]. For hemodialysis
patients, who have limited compensatory mechanisms
to maintain normal phosphate levels and thus have
high hyperphosphatemia rates and elevated FGF23 lev-
els, little is known about the association between acute
changes in dietary phosphorus and changes in these
mineral markers, especially FGF23 [15].

In a previous randomized active-controlled crossover
trial conducted on ESKD patients receiving hemodialy-
sis, we found no benefit of a 2-day dietary intervention
with a very-low-phosphorus diet (8mg/g phosphorus-
to-protein ratio, PPR) compared with a low-phosphorus
diet (10mg/g PPR) on the outcome of an FGF23 change
from baseline [18,19]. However, serum intact FGF23 lev-
els were lower than the baseline in both diet groups. In
addition, a greater reduction in serum phosphate level
and a greater increase in serum calcium level were
found in the 8mg/g diet group than in the 10mg/g
diet group. Based on these observations, we hypothe-
sized that elevated dietary phosphorus intake acutely
and negatively affects markers of mineral metabolism.
For clinical application, there is concerned that day-to-
day variations in nutritional intake may not be captured
by current dialysis practice, which adopted monthly
assessment of laboratory measures, and these snap-
shots of laboratory values are potentially misinterpreted
and occasionally of questionable relevance [20]. In
order to examine the relationship between dietary
phosphorus intake and serum mineral parameters, a
post hoc analysis was conducted on existing data from

our previous study to evaluate the short-term effects of
dietary phosphorus intake on markers of mineral
metabolism in patients with ESKD undergoing
hemodialysis.

Methods

Study design

Figure 1 shows the study design and outcome assess-
ments. We performed a post hoc analysis of a random-
ized active-controlled crossover single-center clinical trial
in which we randomly assigned participants (at an allo-
cation ratio of 1:1) to receive a very-low-phosphorus diet
with a PPR of 8mg/g or a low-phosphorus diet with a
PPR of 10mg/g [18]. Within each 9-day period, each
patient consumed each study diet regimen for 2 days;
the order of the diets was random, and the two diets
were separated by a 5-day washout period. The study
protocol, sample size calculation method, and primary
outcomes have previously been published in detail [18].
The original study was approved by the institutional
review board at Far Eastern Memorial Hospital (FEMH-
106108-F) and was registered online before study initi-
ation (ClinicalTrials.gov ID¼NCT03367338).

Study population

Subjects with (1) ages greater than 20 years, (2) ESKD
and a history of thrice-weekly hemodialysis for more
than three months, (3) adequate dialysis (urea reduc-
tion ratios [URRs] equal to or greater than 65%), (4)
most recent serum phosphate levels greater than
5.5mg/dL or between 3.5 and 5.5mg/dL with regular
phosphate binder use, (5) serum intact parathyroid

Figure 1. Study design and outcome assessments. Participants were randomly assigned to receive study diet A (with a phos-
phorus-to-protein ratio [PPR] of 8mg/g) or study diet B (with a PPR of 10mg/g) during 2-day study periods separated by a 5-day
washout period. A total of 4 repeated measurements for the study outcomes were attained before and after each study period.
Before each study phase, each participant kept a 3-day dietary record to enable estimation of the nutrient content of his or her
usual diet. During the study periods, dietary compliance was assessed by evaluation of 2-day dietary records.
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hormone (iPTH) levels less than 800 pg/mL, and (6) dry
weights between 42.5 kg and 67.5 kg were included in
the study. The exclusion criteria included serum albu-
min levels less than 2.5 g/dL, hospitalization within the
past 4weeks, psychiatric disorders, mental retardation,
dislike of the study meals and poor dietary adherence.
All participants provided written informed consent. We
enrolled 35 patients, of whom 34 completed the first
study period and 29 completed the second study
period, contributing the relevant data for the pre-
sent analysis.

Dietary assessment

The daily dietary intake of participants was estimated at
baseline and during the study periods. The dietitians
educated the participants and instructed them to com-
plete standard daily food-recording forms with entries
on the meal time, meal type, brand of food, amount of
food in standard measuring units, preparation style
(homemade or not), and recipe. Before each study
period, the participants prospectively maintained a diet-
ary record of their daily intake for three days, including
a dialysis weekday, a non-dialysis weekday and a non-
dialysis weekend day, allowing us to estimate the nutri-
ent content of their usual diet as well as their diet-
ary compliance.

As described in our previous study [18], the nutrient
compositions of the study diets were chemically meas-
ured and used by dietitians to calculate the daily nutri-
ent intake of the participants during the study periods.
In addition, the participants maintained a 2-day dietary
record of their consumption of portions of the assigned
study diets and of foods outside of the study diets dur-
ing the study periods. The completeness, consistency,
and clarity of the food diaries were reviewed by
the dietitians.

Clinical data collection

The following demographic and clinical data were
recorded: age; sex; dry weight; body mass index; dur-
ation of dialysis therapy; history of parathyroidectomy;
interdialytic weight gain; dialysis unit blood pressure;
type of arteriovenous shunt; dialysate calcium concen-
tration; URR; hemoglobin; ferritin; alkaline phosphatase;
albumin; 25-hydroxyvitamin D; and amounts, frequen-
cies, and types of medications, including phosphate-
binding agents and vitamin D analogs. The phosphate
binder doses among study participants were compared
by calculating the phosphate-binding equivalent dose
as described by Daugirdas [21].

Biochemical assessment

Venous blood samples were taken under nonfasting
conditions prior to the dialysis session at the beginning
and end of each study period. Standard assays for
serum phosphate and calcium were performed using
automated analyzers. iPTH (reference range 8–76 pg/
mL) was analyzed in serum using an immunoradiomet-
ric assay (ELSA-PTH, Cisbio Bioassays, France); the intra-
and interassay coefficients of variation (CVs) ranged
from 2.1 to 7.5% and from 2.7 to 6.8%, respectively. 25-
Hydroxyvitamin D (reference range 5.3–47 ng/mL) was
analyzed in serum using an electrochemiluminescence
immunoassay analyzer (ECLIA) (Roche Diagnostics
GmbH, Germany); the intra- and interassay CVs ranged
from 2.2 to 6.8% and from 3.4 to 13.1%, respectively. In
light of the absence of any standardized commercial
FGF23 assays, we simultaneously performed two avail-
able FGF23 assays: an assay for intact FGF23 (iFGF23)
and an assay for C-terminal fragments of FGF23
(cFGF23). iFGF23 was assessed in serum using an
enzyme-linked immunosorbent assay (ELISA) (Kainos
Laboratories, Tokyo, Japan); the intra- and interassay
CVs ranged from 2.0 to 3.0% and from 2.1 to 3.8%,
respectively. cFGF23 was assessed in EDTA-plasma
using a sandwich ELISA (Immutopics, San Clemente,
CA) according to the manufacturer’s instructions; the
intra- and interassay CVs ranged from 1.4 to 2.4% and
from 2.4 to 4.7%, respectively. Each sample was run in
duplicate, and the mean values are presented.

Statistical analysis

Analyses were conducted on data from 34 individuals
in the first study period and 29 in the second study
period for whom samples were available for dietary
assessment and measurement of mineral parameters.
To evaluate the relationship between dietary phos-
phorus intake and the levels of mineral markers, includ-
ing serum phosphate, calcium, iPTH, iFGF23 and
cFGF23, we employed separate mixed-effects models,
which allowed us to use a total of 4 repeated measure-
ments for each of the outcome variables of interest. In
each mixed-effects model, the dependent variable was
one of the markers of mineral metabolism, the partici-
pant was included as a random effect, and the main
independent variable was dietary phosphorus intake of
100mg. In contrast to serum phosphate and calcium,
which were normally distributed, iPTH, iFGF23 and
cFGF23 were non-normally distributed and were thus
log-transformed before being entered into the model,
and the estimated means and 95% confidence intervals
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(CIs) are presented as percentage changes, as sug-
gested by Benoit [22].

For each of the outcome analyses, we used 4 types
of models based on the level of multivariate adjust-
ment: model 1 included dietary phosphorus as the only
independent variable; model 2 included the additional
covariates of age, sex, body mass index, and random-
ized group; model 3 included the additional covariates
of baseline vitamin D, baseline iPTH, baseline URR, and
phosphate-binding equivalent dose; and model 4
included all of the abovementioned covariates plus 2
dietary record data items: total calorie intake and diet-
ary calcium intake. A two-sided p value of less than .05
was considered to indicate statistical significance. All
analyses were performed with SAS version 9.4 software
(SAS Institute Inc., Cary, NC, USA).

Results

Baseline characteristics

Table 1 presents the baseline characteristics of the 34
participants included in the present post hoc analysis.
The mean age of the participants was 64 ± 7 years, 38%
of the participants were men, and the mean dialysis
vintage was 10± 7 years. The mean dry weight was
55 ± 7 kg, and the interdialytic weight gain was 2.1 (1.7,

2.6) kg. Approximately 90% of participants had arterio-
venous fistulae, and approximately 60% used low
dialysate calcium.

Changes in dietary record data and changes in
markers of mineral metabolism

Table 2 describes the dietary record data and the levels
of mineral markers at baseline and at the end of each
study period. At baseline, the mean total calorie intake
of the participants was 1558± 295 kcal per day, the
mean dietary phosphorus intake was 763 ± 289mg per
day, and the mean dietary calcium intake was
284 ± 128mg per day. Prior to dietary intervention, the
mean serum phosphate was 5.0 ± 1.1mg/dL, the mean
serum calcium was 9.2 ± 0.7mg/dL, the median iPTH
was 124 (65, 325) pg/mL, the median iFGF23 was 2996
(506, 9821) pg/mL, and the median cFGF23 was 5750
(1698, 12539) RU/mL. Compared with the baseline data,
dietary phosphorus intake decreased and dietary cal-
cium intake increased during the study periods. The
participants exhibited reductions in serum phosphate,
iPTH and iFGF23 levels and increases in calcium levels
after each of the dietary interventions, whereas they
exhibited progressive decreases in cFGF23 levels
throughout the 9-day study period.

Relationships between dietary phosphorus intake
and markers of mineral metabolism

Table 3 demonstrates the relationships between dietary
phosphorus intake and markers of mineral metabolism.
Higher dietary phosphorus intake was strongly corre-
lated with a higher serum phosphate level in models 1
(the univariate model) through 4 (the fully adjusted
model); multivariate adjustment did not mitigate the
positive association between dietary phosphorus intake
and serum phosphate level. Every increase in dietary
phosphorus intake of 100mg was significantly related
to an increase in serum phosphate level of 0.28mg/dL
(95% CI, 0.21–0.35, p< .001). In contrast, there was an
inverse correlation between dietary phosphorus intake
and serum calcium level; an increase in dietary phos-
phorus intake of 100mg was significantly related to a
decrease in serum calcium level of 0.06mg/dL (95% CI,
�0.11 to �0.01, p¼ .01) in the fully adjusted model.

For log-transformed variables including iPTH, iFGF23
and cFGF23, the estimates are presented as percentage
changes for every 100mg increase in dietary phos-
phorus intake. The iPTH level increased in response to
elevated dietary phosphorus intake; in the fully
adjusted model, an increase in dietary phosphorus

Table 1. Baseline demographic and clinical characteristics.
Characteristic (n¼ 34)

Age (years) 64 ± 7
Male sex, n (%) 13 (38)
Vintage (years) 10 ± 7
Dry weight (kg) 55 ± 7
Body mass index (kg/m2) 22 ± 2
Interdialytic weight gain (kg) 2.2 (1.7, 2.6)
Systolic BP (mm Hg) 134 ± 30
Diastolic BP (mm Hg) 71 ± 15
Use of AVF, n (%) 30 (88)
Low dialysate calciuma, n (%) 20 (59)
Use of iron agent, n (%) 10 (29)
Phosphate-binding equivalent dose (g/day) 3.1 (2.0, 4.9)
Use of vitamin D analogs, n (%) 15 (44)
Parathyroidectomy, n (%) 14 (41)
Urea reduction ratio (%) 74 ± 4
Ferritin (ng/mL) 360 (216, 537)
Hemoglobin (g/dL) 11.4 ± 1.1
Albumin (g/dL) 4.0 ± 0.4
Alkaline phosphatase (IU/L) 80 (63, 99)
25OHVitD (ng/mL) 30 (23, 40)
Phosphate (mg/dL) 5.2 ± 1.1
Calcium (mg/dL) 9.3 ± 0.6
iPTH (pg/mL) 150 (78, 341)
iFGF23 (pg/mL) 2996 (506, 9821)
cFGF23 (RU/mL) 5750 (1698, 12539)

25OHVitD: 25-hydroxy vitamin D; AVF: arteriovenous fistula; BP: blood
pressure; cFGF23: C-terminal fibroblast growth factor 23; iFGF23: intact
fibroblast growth factor 23; iPTH: intact parathyroid hormone. Continuous
data are shown as means (±SDs) or median (1st and 3rd quartiles), and
categorical variables as counts and percentages.
aLow dialysate calcium means a dialysate calcium concentration of � 2.5
mEq/L.
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intake of 100mg was significantly correlated with an
increase in the iPTH level of 5.4% (95% CI, 1.4–9.3,
p¼ .01). Similarly, the iFGF23 level increased as dietary
phosphorus intake increased; there was a significant
association in both the unadjusted and adjusted mod-
els. An increase in dietary phosphorus intake of 100mg
was significantly related to an increase in iFGF23 level
of 5.0% (95% CI, 2.0–8.0, p¼ .001). In contrast to the
levels of the abovementioned mineral markers, the
cFGF23 level did not change in response to variations
in dietary phosphorus intake.

Discussion

Although there is considerable evidence for non-dialysis
patients with CKD, this is, to our knowledge, the first
study to describe acute variations in biomarkers of min-
eral metabolism (including FGF23, as measured with
iFGF23 and cFGF23 assays) in response to variations in
dietary phosphorus intake in hemodialysis patients. We
conducted a post hoc analysis on existing data from our
previous randomized crossover trial to investigate the
acute responses of mineral metabolism markers to diet-
ary phosphorus changes. A total of 4 repeated

measurements of dietary and biochemical data
obtained during a 9-day period were used, and mixed-
effects models indicated that acute variations in 4 min-
eral parameters occurred in response to variations in
dietary phosphorus intake. Specifically, dietary phos-
phorus intake was positively associated with serum
phosphate, iPTH and iFGF23 levels and inversely associ-
ated with serum calcium levels. These findings support
the evidence that dietary phosphorus intake rapidly
and positively affects CKD-MBD markers, highlighting
the important role of daily fluctuations in dietary habits
in the clinical management of CKD-MBD in dialysis
populations.

Our study showed that acute changes, i.e., within
days, in dietary phosphorus intake led to corresponding
changes in markers of mineral metabolism. Within a 9-
day period, we obtained a total of 4 repeated measure-
ments for each participant regarding dietary and bio-
chemical data. We demonstrated that even a small
change in dietary phosphorus intake, i.e., 100mg,
caused a significant change in markers of mineral
metabolism within days. Including mainly natural food
sources and higher percentage of plant-derived protein,
low-phosphorus diets used in our study facilitated

Table 2. Changes in dietary and serum mineral parameters in the study population.

Usual dieta (baseline)

After first study periodb

(2 days after baseline
measurement)

Usual dieta (7 days after
baseline measurement)

After second study periodb

(9 days after baseline
measurement)

n¼ 34 n¼ 34 n¼ 29 n¼ 29

Dietary parameters
Calories (kcal) 1558 ± 295 1590 ± 327 1525 ± 359 1574 ± 350
Phosphorus (mg) 763 ± 289 602 ± 120 671 ± 185 618 ± 156
Calcium (mg) 284 ± 128 382 ± 86 227 ± 93 386 ± 106

Markers of
mineral metabolism
Phosphate (mg/dL) 5.0 ± 1.1 4.3 ± 1.1 4.7 ± 0.9 4.0 ± 0.9
Calcium (mg/dL) 9.2 ± 0.7 9.3 ± 0.7 9.3 ± 0.6 9.6 ± 0.6
iPTH (pg/mL) 124 (65, 325) 105 (63, 262) 105 (75, 296) 83 (65, 280)
iFGF23 (pg/mL) 2996 (506, 9821) 1915 (484, 8588) 2345 (496, 8540) 1776 (614, 6875)
cFGF23 (RU/mL) 5750 (1698, 12539) 5485 (1984, 13488) 4737 (1550, 6197) 2680 (1140, 5741)

cFGF23: C-terminal fibroblast growth factor 23; iFGF23: intact fibroblast growth factor 23; iPTH: intact parathyroid hormone.
aWe calculated a 3-day average value for the estimated daily dietary intake before the study.
bWe calculated a 2-day average value for the estimated dietary intake during the study period.

Table 3. Associations between an increase in dietary phosphorus intake of 100mg and changes in serum mineral parameters.
Outcome
variables

Phosphate (mg/dL) Calcium (mg/dL) iPTH (%) iFGF23 (%) cFGF23 (%)

Estimate 95% CI p Estimate 95% CI p Estimate 95% CI p Estimate 95% CI p Estimate 95% CI p

Model 1a 0.19 0.12 to 0.25 <.001 –0.03 –0.07 to 0.01 .10 3.1 –0.3 to 6.5 .06 3.1 0.5 to 5.7 .02 4.3 0.2 to 8.4 .03
Model 2b 0.18 0.12 to 0.25 <.001 –0.03 –0.07 to 0.01 .11 3.0 –0.4 to 6.4 .08 3.1 0.5 to 5.7 .02 4.1 0.02 to 8.1 .04
Model 3c 0.19 0.12 to 0.25 <.001 –0.04 –0.08 to 0.002 .06 3.0 –0.4 to 6.4 .07 3.0 0.4 to 5.6 .02 3.8 –0.2 to 7.9 .06
Model 4d 0.28 0.21 to 0.35 <.001 –0.06 –0.11 to �0.01 .01 5.4 1.4 to 9.3 .01 5.0 2.0 to 8.0 .001 3.7 –1.2 to 8.6 .13

cFGF23: C-terminal fibroblast growth factor 23; CI: confidence intervals; iFGF23: intact fibroblast growth factor 23; iPTH: intact parathyroid hormone; URR:
urea reduction ratio.
aUnivariate model.
bThe adjusted variables included age, sex, body mass index, and randomized group.
cThe adjusted variables included age, sex, body mass index, randomized group, baseline vitamin D, baseline iPTH, baseline URR, and phosphate-binding
equivalent dose.
dThe adjusted variables included age, sex, body mass index, randomized group, baseline vitamin D, baseline iPTH, baseline URR, phosphate-binding
equivalent dose, total calorie intake, and dietary calcium intake.
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acute change in markers of mineral metabolism. These
hyper-acute changes in mineral metabolism reflect the
day-to-day fluctuations of dietary phosphorus intake.
Such diet-induced changes to markers of mineral
metabolism may not be completely detected by the
monthly surveillance of laboratory-based measures,
which is the current clinical practice of dialysis. As
stated in the recent review by Tibor F€ul€op and his col-
leagues [20], nephrologists have been largely relied on
objective laboratory measures that are performed on a
monthly basis, and these laboratory measures, such as
pre-dialysis serum phosphorus and calcium, provide a
snapshot view that may not adequately capture the
potentially large daily fluctuations in dietary habits.
Using serum concentrations of clinical mineral parame-
ters assumes a chronic steady state, but it is hardly true
in the dialysis population because these laboratory
parameters are both largely and rapidly dependent on
variations in daily diet and hemodynamic instabilities
during dialysis procedure. Tibor F€ul€op and his col-
leagues [20] also pointed out that assessment of the
individual patient’s clinical status based on snapshots
of laboratory values are often misinterpreted and occa-
sionally of questionable relevance. Thus, monthly snap-
shots of mineral parameters may not adequately
characterize fluctuations in dietary intake, and cautions
should be taken when interpreting these results.

There are limited data concerning the association of
dietary phosphorus intake with FGF23 in dialysis popu-
lations. Our systematic review and meta-analysis [15] of
the currently available randomized clinical trials has
demonstrated that (1) low-phosphorus diets tend to
lower FGF23 levels, (2) the FGF23-lowering effects are
more prominent when measured with the iFGF23
assays, and (3) no studies have included dialysis
patients. In an attempt to fill this knowledge gap, we
included only hemodialysis patients in a randomized
crossover clinical trial comparing the FGF23-lowering
effects of two low-phosphorus diets: a diet with a PPR
of 8mg/g and a diet with a PPR of 10mg/g [18].
Notably, both low-phosphorus diets lowered the mean
serum iFGF23 level by approximately 1000 pg/mL (a
decrease of 18%–19%) after only 2 days, and cFGF23
was unaffected. In the current study, which pooled data
from both low-phosphorus diets regarding FGF23-low-
ering effects, we found that every increase in dietary
phosphorus intake of 100mg was significantly associ-
ated with an increase in iFGF23 of 5% and had no effect
on cFGF23 level. In accordance with the results from
our systematic review and meta-analysis [15], this find-
ing supports the involvement of a regulatory pathway
in diet-mediated phosphate control in which dietary

phosphorus regulates iFGF23 levels without concomi-
tantly changing cFGF23 levels in patients with CKD.

Even though low-phosphorus diets had no effect on
cFGF23 within 2 days, it is noteworthy that the study
participants exhibited progressive declines in median
cFGF23 levels after 7 days (baseline cFGF23, 5750 [1698,
12539] vs. those after 7 days, 4737 [1550, 6197],
p¼ .0002; baseline cFGF23 vs. those after 9 days, 2680
[1140, 5741], p< .0001) independent of the study diet
interventions during the 9-day study period. As stated
in a recent review by Daniel Edmonston and Myles Wolf
[23], the results of iFGF23 and cFGF23 assays can be
totally different depending on the balance between
production and cleavage of FGF23. We did observe lags
in cFGF23 level changes in response to variations in
dietary phosphorus intake. Based on this observation,
we hypothesize that catabolism or removal of cFGF23
from the circulation may take a few days or perhaps a
week in hemodialysis patients. Future studies should be
undertaken to investigate the effect of dietary phos-
phorus intake on FGF23 catabolism in dialysis
populations.

Similar to previous studies [24,25], our study showed
that dietary phosphorus intake was well correlated with
serum phosphate, calcium and iPTH levels. The associa-
tions were independent of baseline iPTH levels, dialysis
adequacy, phosphate binder dosages, and dietary
parameters including total calorie intake and dietary
calcium intake, as we adjusted for these factors in the
mixed-effects models. Contrary to previous studies that
have assessed the long-term effects of phosphorus
restriction on mineral parameters in non-dialysis popu-
lations [24,25], our study assessed short-term changes
in hemodialysis patients. We obtained 4 repeated meas-
urements of parameters within 9 days in a dialysis
population with a vintage of 10 years and found signifi-
cant associations between dietary phosphorus intake
and mineral parameters. Of note, in a previous study
enrolling non-dialysis patients [26], short-term (5-day)
dietary intervention did not alter serum phosphate and
calcium levels. Owing to the limited compensatory
mechanisms for maintenance of serum phosphate lev-
els in hemodialysis patients, the effects of dietary phos-
phorus intake on mineral metabolism markers are more
rapid and stronger in these patients than in non-dialysis
patients with CKD. As previously reported [27–29], we
found that elevated dietary phosphorus intake acutely,
directly and strongly increased serum phosphate levels
and reciprocally decreased serum calcium levels. In add-
ition to increased dietary phosphorus intake, which dir-
ectly increased iPTH levels, both the resulting increases
in serum phosphate levels and the simultaneous
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decreases in serum calcium levels increased iPTH levels
[30,31] .

Our study has a few limitations that deserve men-
tioning. First, the results of our study should be consid-
ered hypothesis-generating, because we performed a
post hoc analysis of our previous randomized crossover
trial. Second, our study included only hemodialysis
patients with a mean vintage of 10 years and high
FGF23 levels; caution should be taken when extrapolat-
ing our findings to different populations. Third, the
small number of participants limited our ability to ana-
lyze all of the factors that may have been associated
with dietary phosphorus intake or influenced the
changes in the mineral parameters. However, this limi-
tation was partially compensated for by the use of
mixed-effects models, in which participants act as their
own controls in a crossover design, and by the use of 4
repeated measurements of the changes in each individ-
ual over time. Finally, the short duration of this study
did not allow us to study potential effects on clinical
outcomes. Our study was able to evaluate only diet-
mediated changes in biomarkers of mineral metabol-
ism, which are considered intermediate outcomes.

In conclusion, dietary phosphorus acutely regulates
CKD-MBD markers in hemodialysis patients. Serum
phosphate, iPTH, and iFGF23 levels increase and serum
calcium levels decrease in response to elevated dietary
phosphorus intake.
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