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ABSTRACT

Background. Evidence indicates that the inverse relationships between phosphate levels and mortality maybe modified by
age. Furthermore, malnutrition and inflammation could strengthen the risk associated with phosphate abnormalities.
This study aimed to assess the associations between phosphate levels and mortality while accounting for the interactions
with age and parameters associated with malnutrition and inflammation in hemodialysis (HD) patients.

Methods. Adult HD patients (n¼245 853) treated in Fresenius Medical Care North America clinics from January 2010 to
October 2018 were enrolled. Baseline was defined as Months 4–6 on dialysis, with the subsequent 12 months as the follow-
up period. Univariate and multivariate Cox proportional hazard models with spline terms were applied to study the
nonlinear relationships between serum phosphate levels and mortality. The interactions of phosphate levels with albumin,
creatinine, normalized protein catabolic rate (nPCR) and neutrophil–lymphocyte ratio (NLR) were assessed with smoothing
spline analysis of variance Cox proportional hazard models.

Results. Older patients tended to have lower levels of serum phosphate, albumin, creatinine and nPCR. Additionally, both
low (<4.0 mg/dL) and high (>5.5 mg/dL) phosphate levels were associated with higher risk of mortality across all age strata.
The U-shaped relationships between phosphate levels and outcome persisted even for patients with low or high levels of
serum albumin, creatinine, nPCR and NLR, respectively.
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Conclusion. The consistent U-shaped relationships between serum phosphate and mortality across age strata and levels
of inflammatory and nutritional status should prompt the search for underlying causes and potentially nutritional
intervention in clinical practice.
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INTRODUCTION

The harmful sequelae of hyperphosphatemia (serum phosphate
>4.5 mg/dL according to Kidney Disease: Improving Global
Outcomes (KDIGO) or >5.5 mg/dL according to Kidney Disease
Outcomes Quality Initiative (KDOQI)) [1, 2] in the chronic kidney
disease (CKD) population has been well established, especially
the relationships with an increased risk of cardiovascular
events and mortality [3]. Next to hyperphosphatemia, also low
serum phosphate levels (<3.0 according to KDIGO or <3.5 mg/dL
according to KDOQI) are related to adverse outcomes in hemodi-
alysis (HD) patients [4–10].

To some extent, the relationship between serum phosphate
and outcomes in HD patients may depend on age [5, 11].
Evidence has also indicated that serum phosphate levels tend
to decline with age in HD patients [11]. This inverse relationship
between age and serum phosphate level seems to be, to some
degree, driven by low serum phosphate levels that are mainly
observed in elderly patients [5, 6]. However, studies on this sub-
ject are scarce. It has also been reported that the prevalence of
protein–energy wasting increases with age [12], which may, in
combination with the reduced life expectancy, abrogate the
more long-term risk of hypophosphatemia [1, 2].

Other factors that may complicate the association between
serum phosphate levels and outcomes are phosphate binder
use, nutritional and inflammatory indicators and patient
characteristics such as gender, race and social economic fac-
tors [13–15]. We recently showed that both phosphate levels
and conventional nutritional parameters [e.g. serum albumin,
creatinine, normalized protein catabolic rate (nPCR), interdia-
lytic weight gain (IDWG)] are inversely associated with mortal-
ity, whereas inflammatory parameters such as C-reactive
protein and neutrophil–lymphocyte ratio (NLR) are positively
associated with death and hospitalization [16–18].
Additionally, Lopes et al. showed an inversed relationship be-
tween serum phosphate and nutritional indices [19]. On the
other hand, also hyperphosphatemia may be associated with
systemic inflammation [20].

A recent study by the Dialysis Outcomes and Practice
Patterns Study (DOPPS) showed that the relationship between
low phosphate levels and mortality lost statistical significance
when adjusted for nutritional parameters [19]. Other studies
reported the highest mortality risk in patients with low levels of
both phosphate and albumin [13]. However, the direct interac-
tion between phosphate, inflammatory and nutritional parame-
ters and its relationships to outcomes have not been assessed
in a large and representative cohort of dialysis patients yet.

So far, studies have generally addressed the relationships
between phosphate levels and outcomes by applying serum
phosphate as sole predictor. Some studies have shown the
added value of analyzing the interaction between two variables
and outcome in a continuous fashion via analysis of variance
(ANOVA) Cox proportional hazard model [7]. In this study, we
explore in a large US HD cohort the relationships between phos-
phate levels and mortality while accounting for the interactions
with age, and nutritional and inflammatory parameters.

MATERIALS AND METHODS
Population and study design

In this retrospective cohort study, all incident HD patients of
�18 years of age and treated in Fresenius Medical Care North
America (FMCNA) clinics between 1 January 2010 and 31
October 2018 were enrolled. Patients were required to be treated
in FMCNA clinics within 90 days of their first date on dialysis.
The study baseline was defined as Months 4–6 on HD; the
follow-up was defined as the subsequent 12 months (i.e.
Months 7–18). Clinical and laboratory parameters were averaged
during baseline. Demographic and comorbidity data were
obtained in Month 4. All-cause mortality was documented dur-
ing follow-up. Patients were censored when lost to follow-up,
transferred to non-FMCNA clinics, kidney transplanted or
recovered kidney function. Only patients with at least one
baseline serum phosphate value were included. The study was
approved by the Western Institutional Review Board (WIRB
number ES-18-010).

Two main analyses were performed: first, we assessed the
association between serum phosphate levels and all-cause mor-
tality in four age strata (18 �age < 35; 35�age < 55; 55� age <

75; age �75 years); second, we constructed smoothing spline
ANOVA Cox proportional hazard models to assess the associa-
tion between serum phosphate and mortality while accounting
for the interactions with age, serum albumin and creatinine,
nPCR and NLR. A smoothing spline ANOVA Cox model assumes
that the hazard function is equal to a baseline hazard times the
exponential of a multivariate function of covariates. The multi-
variate function is modeled nonparametrically using tensor
product of reproducing kernel Hilbert spaces that leads to a
smoothing spline ANOVA model. As in the traditional ANOVA
models, this model has main effects and interactions that facili-
tate model selection and interpretation [21]. Additionally, this
methodology allows modeling the joint effects of two or more
independent continuous variables without assuming a specific
parametric form, thereby avoiding the need to create some-
what arbitrary categories. The results of this analysis are
shown as contour plots that are read like a topographic map,
which present the 3D features in a 2D way, where the 1D (se-
rum phosphate) levels are represented on Y-axis, the 2D levels
(respective biomarkers) are represented on X-axis and the 3D
levels (hazard ratios) are represented as ‘altitude’ [22, 23]. An
elevation on the ‘altitude’ indicates a higher risk of death at
the specific levels of serum phosphate and parameters of
interest.

Effect of serum phosphate levels on all-cause mortality

To explore nonlinear relationships between serum phosphate
levels and outcomes across age groups (all age groups, 18�age
< 35; 35�age < 55; 55�age < 75; age �75 years), we constructed
cubic splines with 4 degrees of freedom. In order to analyze the
effect of phosphate levels on outcomes while accounting for the
effect of social economic factors, and nutritional and
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inflammation status, the following three models were con-
structed: Model 1: unadjusted analysis with serum phosphate
as continuous variable and the sole predictor of mortality;
Model 2: included in addition to phosphate, age, gender, race,
body mass index (BMI), vascular access (VA) type, marital status
(MS), diabetes mellitus (DM) and congestive heart failure (CHF);
Model 3 (fully adjusted model) comprised Model 2 variables plus
serum albumin, creatinine, nPCR and NLR.

Interactions of serum phosphate with age, and
nutritional and inflammatory markers

To explore the joint association between baseline serum phos-
phate levels and age on mortality, we employed ANOVA Cox
proportional hazard model with adjustment for gender, race,
BMI, VA, MS, DM, CHF, serum albumin, creatinine, nPCR and
NLR. The same smoothing ANOVA Cox proportional hazard
method was applied to further investigate the joint effect of

serum phosphate levels and nutritional (serum albumin and
creatinine) and inflammatory markers (nPCR, NLR). These mod-
els were adjusted for the aforementioned covariates.

Cross-sections through the contour plots were constructed
at discrete levels of age (35, 55, 75 and 80 years, respectively), se-
rum albumin (3.0, 3.5, 3.8 and 4.0 mg/dL, respectively), serum
creatinine (4.0, 6.0, 9.0 and 12.0 mg/dL, respectively), nPCR (0.5,
0.8, 1.0 and 1.2 g/kg body weight, respectively) and NLR (2.0, 3.0,
5.0 and 10.0, respectively). This analysis allowed us to visually
depict hazard ratio point estimates and their 95% confidence
intervals.

Additionally, cubic splines functions with 4 degrees of free-
dom were performed to assess the relationships between
serum phosphate levels and outcomes across serum albumin
levels (albumin <3.0; 3.0� albumin < 3.5; 3.5�albumin < 3.8;
3.8�albumin < 4.0; albumin �4.0 mg/dL); serum creatinine lev-
els (creatinine <4.0; 4.0� creatinine < 6.0; 6.0� creatinine < 9.0;
9.0� creatinine < 12.0; creatinine �12.0 mg/dL); nPCR levels

Table 1. Baseline characteristics by age strata

Age group (years)

P-valueParameters All 18�Age < 35 35�Age <55 55�Age < 75 Age �75

Number of patients (%) 245 853 13 007 (5.29) 61 499 (25.01) 123 088 (50.07) 48 259 (29.63)
Demographics

Age, mean (SD) (years) 62 (14.71) 29 (4.39) 47 (5.46) 65 (5.58) 81 (4.40) <0.0001
Married, % 41 18 36 45 44 <0.0001
White, % 69 60 61 70 78 <0.0001
Male, % 58 55 62 57 56 <0.0001
Catheter as vascular assess, % 38 47 40 37 38 <0.0001
BMI 29 (10.85) 29 (11.88) 31 (11.43) 30 (11.94) 27 (9.03) <0.0001
Height, mean (SD) (cm) 168 (12.05) 168 (13.00) 170 (11.77) 168 (12.05) 166 (11.86) <0.0001
COPD, % 8 4 6 9 9 <0.0001
CVD, % 61 59 62 62 59 <0.0001
Infection, % 13 14 14 13 11 <0.0001
DM, % 63 31 60 71 57 <0.0001
CHF, % 18 9 14 19 22 <0.0001
Phosphate binder, % 48 57 53 48 40 <0.0001
Calcium base, % 47 45 45 48 52 <0.0001

Laboratory data
Serum phosphate, mean (SD) (mg/dL) 5.28 (1.30) 6.02 (1.55) 5.68 (1.38) 5.21 (1.22) 4.76 (1.07) <0.0001
Serum phosphate �4.0, % 15 8 9 15 25 <0.0001
Serum albumin, mean (SD) (g/dL) 3.69 (0.42) 3.84 (0.49) 3.74 (0.44) 3.68 (0.41) 3.62 (0.39) <0.0001
Serum prealbumin, mean (SD) (mg/dL) 25.89 (8.14) 29.37 (9.61) 28.24 (8.44) 25.41 (7.81) 23.56 (7.81) <0.0001
Serum creatinine, mean (SD) (mg/dL) 6.98 (2.82) 9.93 (3.70) 8.22 (3.10) 6.60 (2.38) 5.59 (1.86) <0.0001
Serum potassium, mean (SD) (mg/dL) 4.55 (0.55) 4.63 (0.59) 4.60 (0.58) 4.54 (0.55) 4.48 (0.51) <0.0001
nPCR, mean (SD) (g/kg/day) 0.93 (4.57) 1.16 (13.49) 0.91 (1.34) 0.93 (4.85) 0.89 (0.28) 0.0002
NLR, mean (SD) 4.19 (3.47) 3.61 (3.17) 3.89 (3.09) 4.27 (3.60) 4.52 (3.62) <0.0001
Parathyroid hormone, mean (SD) (pg/mL) 362.59 (316.90) 509.45 (437.59) 420.28 (364.98) 348.44 (292.00) 285.86 (237.79) <0.0001
Serum calcium, mean (SD) (mg/dL) 8.96 (0.61) 8.94 (0.70) 8.91 (0.65) 8.96 (0.59) 9.01 (0.56) <0.0001
Vitamin D 25, mean (SD) (ng/mL) 28.67 (15.11) 23.33 (13.13) 24.38 (13.70) 29.18 (14.93) 34.64 (15.62) <0.0001
eKt/V, mean (SD) 1.55 (4.67) 1.70 (11.36) 1.48 (2.91) 1.56 (5.19) 1.58 (0.61) <0.0001

Treatment data, mean (SD)
Treatment time (min) 228.86 (23.04) 226.83 (25.12) 232.90 (23.60) 229.97 (22.09) 228.86 (23.04) <0.0001
Postdialysis weight (kg) 82.50 (22.30) 81.15 (26.79) 89.12 (25.96) 83.43 (21.93) 82.50 (22.30) <0.0001
IDWG (kg) 2.30 (0.95) 2.53 (1.06) 2.63 (1.04) 2.29 (0.94) 2.30 (0.95) <0.0001

Events
Death, % 10.06 3.57 5.32 9.98 10.06 <0.0001
Hospitalized in first 6 months, % 43.20 43.13 41.19 43.18 43.20 <0.0001
Hospitalized during baseline, % 38.25 38.78 36.84 38.15 38.25 <0.0001
Hospitalizations during baseline,
mean (SD) (frequency as count)

1.76 (1.20) 2.16 (1.79) 1.83 (1.32) 1.71 (1.12) 1.76 (1.20) <0.0001

Hospitalization duration during
baseline, mean (SD) (days)

10.43 (10.24) 11.74 (12.32) 10.45 (10.60) 10.42 (10.12) 10.43 (10.24) <0.0001
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(nPCR <0.5; 0.5�nPCR < 0.8; 0.8�nPCR < 1.0; 1.0�nPCR < 1.2;
nPCR �1.2 g/kg/day) and NLR levels (NLR <2.0; 2.0�NLR < 3.0;
3.0�NLR < 5.0; 5.0�NLR < 10.0; NLR �10.0) in the unadjusted
and fully adjusted models.

Predictors of serum phosphate <4.0 mg/dL

Logistic regression models were constructed to identify predic-
tors of baseline serum phosphate �4.0 and >4.0 mg/dL,
respectively.

Sensitivity analyses

To account for potential indication bias, the above models were
applied in patients with or without documented baseline phos-
phate binder use, respectively. To eliminate a potential interfer-
ence of hospitalization, we conducted a subset analysis in
patients without hospitalizations during the first 6 months on

HD. Only patients without missing data were included in the re-
spective adjusted models.

Descriptive statistical analysis

Descriptive statistics were computed in patients stratified by
age (four strata) and baseline serum phosphate levels �4.0 mg/
dL or >4.0 mg/dL. We calculated means and SDs for continuous
variables and proportions for categorical variables. ANOVA
was used for group comparison of normally distributed varia-
bles and the Mann–Whitney U test for non-normally distrib-
uted variables. Categorical data were compared by chi-square
test. A two-sided P-value <0.05 was considered as statistically
significant. All data manipulation analyses were performed
with SAS 9.4. Cubic spline functions were performed with R
3.4.4 (survival, splines and ggplot2 packages). ANOVA Cox pro-
portional hazard models were performed with R 3.4.4 mcgv
package.

Table 2. Baseline characteristics by serum phosphate

Serum phosphate (mg/dL)

D (95% CI)Parameters All <4.0 mg/dL �4.0 mg/dL P-value

Number of patients (%) 245 853 37 206 (15.13%) 208 647 (84.87%)
Demographic information

Age, mean (SD) (years) 62 (14.71) 67 (13.86) 61 (14.64) 6 (6.29, 6.61) <0.0001
Married, % 41 42 41 �1.60 <0.0001
White, % 69 67 69 �2.0 <0.0001
Male, % 58 59 58 1.00 0.01
Catheter as vascular assess, % 38 40 38 2.00 <0.0001
BMI 29 (10.85) 29 (10.13) 30 (10.95) �1.76 (�1.88, �1.63) <0.0001
Height, mean (SD) (cm) 168 (12.05) 168 (12.00) 168 (12.06) �0.86 (�1.00, �0.72) <0.0001
Chronic obstructive pulmonary disease, % 8 9 8 1.00 <0.0001
CVD, % 61 60 62 �2.00 <0.0001
Infection, % 13 12 13 �1.00 0.50
DM, % 63 61 36 35.00 <0.0001
CHF, % 18 20 18 2.00 <0.0001
Phosphate binder, % 48 33 51 �18.00 <0.0001
Calcium base, % 47 55 47 7.30 <0.0001

Laboratory information
Serum phosphate, mean (SD) (mg/dL) 5.28 (1.30) 3.54 (0.40) 5.56 (1.16) �2.05 (�2.06, �2.04) <0.0001
Serum albumin, mean (SD) (g/dL) 3.69 (0.42) 3.58 (0.48) 3.71 (0.71) �0.14 (�0.14, �0.13) <0.0001
Serum prealbumin, mean (SD) (mg/dL) 25.89 (8.14) 23.28 (7.70) 26.36 (8.13) �3.08 (�4.11, �2.04) <0.0001
Serum creatinine, mean (SD) (mg/dL) 6.98 (2.82) 5.23 (2.15) 7.30 (2.81) �2.07 (�2.10, �2.04) <0.0001
Serum potassium, mean (SD) (mg/dL) 4.55 (0.55) 4.30 (0.52) 4.59 (0.54) �0.29 (�0.30, �0.28) <0.0001
nPCR, mean (SD) (g/kg/day) 0.93 (4.57) 0.78 (0.28) 0.95 (4.95) �0.17 (�0.22, �0.11) <0.0001
NLR, mean (SD) 4.19 (3.47) 4.56 (4.73) 4.12 (3.20) 0.44 (0.39, 0.48) <0.0001
Parathyroid hormone, mean (SD) (pg/mL) 362.59 (316.90) 252.50 (221.53) 381.58 (326.86) �129.02 (�132.6, �125.5) <0.0001
Serum calcium, mean (SD) (mg/dL) 8.96 (0.61) 8.98 (0.57) 8.95 (0.61) 0.03 (0.02, 0.04) <0.0001
Vitamin D 25, mean (SD) (ng/mL) 28.67 (15.11) 30.98 (16.11) 28.28 (14.90) 2.70 (2.36, 3.05) <0.0001
eKt/V, mean (SD) 1.55 (4.67) 1.57 (0.51) 1.54 (5.04) 0.03 (0.00, 0.05) <0.0001

Treatment information, mean (SD)
Treatment time (min) 228.86 (23.04) 226.90 (23.03) 229.20 (23.02) �2.30 (�2.57, �2.00) <0.0001
Postdialysis weight (kg) 82.50 (22.30) 77.56 (20.99) 83.37 (23.21) �5.81 (�6.08, �5.54) <0.0001
IDWG (kg) 2.30 (0.95) 1.98 (0.88) 2.36 (0.95) �0.38 (�0.40, �0.37) <0.0001

Events
Death, % 10.06 14.67 9.23 5.44 <0.0001
Ever hospitalized during first 6 months on HD, % 43.20 48.60 42.24 6.36 <0.0001
Ever hospitalized during baseline, % 38.25 44.04 37.21 6.83 <0.0001
Hospitalization frequency during
baseline, mean (SD) (count)

1.76 (1.20) 1.86 (1.25) 1.73 (1.19) 0.13 (0.11, 0.15) <0.0001

Hospitalization duration during
baseline, mean (SD) (days)

10.43 (10.24) 12.20 (11.73) 10.06 (9.85) 2.14 (1.97, 2.32) <0.0001

CI, confidence interval.
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RESULTS

We studied 245 853 HD patients. Baseline characteristics of the
entire population and stratified by age are shown in Table 1.
Table 2 shows the baseline characteristics in groups with serum
phosphate levels <4.0 mg/dL (n¼ 37 026; 15.13%) and �4.0 mg/dL
(n¼ 208 617; 84.87%), respectively.

Older patients tended to have lower levels of phosphate,
albumin, creatinine, nPCR, IDWG, post-HD body weight, BMI,
parathyroid hormone, phosphate binder use, higher DM preva-
lence, and mortality and hospitalization rates.

Relation between serum phosphate, phosphate binder
use and all-cause mortality

Univariate analyses show a U-shaped relationship between se-
rum phosphate levels and mortality in all age strata (Figure 1)
and with or without using phosphate binders during the
baseline (Figure 2). The U-shaped relationship persists in fully
adjusted models irrespective of age and phosphate binder use
(Figure 2). Of note, the inverse associations between

hyperphosphatemia and mortality are attenuated in the ad-
justed analysis (Figures 1 and 3).

Predictors of phosphate levels <4.0 mg/dL

Older age, male sex, catheter use as VA, CHF, higher NLR and
hospitalization (frequency and duration in days) are predictors
of low phosphate levels (Table 3). Low phosphate levels are less
likely in patients who are white, and have higher BMI, serum al-
bumin, creatinine, nPCR and IDWG. For these factors, the effect
size is similar across age categories.

Interaction of serum phosphate with age, nutritional
and inflammatory markers, and outcome

Both high and low serum phosphate levels are related to mor-
tality over a wide range of levels of nutritional and inflamma-
tory markers (Figure 4; Supplementary data, Figures S1A–S3B).
In patients with low serum albumin (<3.8 g/dL) and creatinine
(<5.5 mg/dL) as well as nPCR (approximately <0.7 g/kg/day),
higher phosphate levels are associated with higher mortality. In

FIGURE 1: Association between all-cause mortality and serum phosphate in unadjusted and adjusted models stratified by different age groups. The blue solid lines

show the estimated hazard ratio of the unadjusted model and blue dashed lines show the lower and upper limits of the hazard ratio of the unadjusted model. The red

solid lines show the estimated hazard ratio of the fully adjusted model and red dashed lines show the lower and upper limits of the hazard ratio of the adjusted model.

Blue arrows show the serum phosphate with the hazard ratio ¼ 1.0 in the unadjusted models. Red arrows show the serum phosphate with the hazard ratio ¼ 1.0 in the

adjusted models. The adjusted models were adjusted by gender, race, VA, MS, BMI, DM as comorbidity, CHF as comorbidity, serum albumin, creatinine, nPCR and NLR.

To convert serum phosphate to mmol/L, multiply by 0.323.
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patients with serum albumin >3.8 g/dL, creatinine >5.5 mg/dL
and nPCR >0.7 g/kg/day, lower phosphate levels are associated
with increased mortality risk. The adverse effect of higher or
lower phosphate, respectively, on mortality can be seen over a
wide NLR range (Figure 5; Supplementary data, Figure S4A and
B). The observations appear consistently in patients who had at
least one hospital admission (not due to VA procedures) during
the first 6 months on HD (data not shown).

DISCUSSION

The main finding of our research into a large, diverse and repre-
sentative US HD population is a U-shaped association between
phosphate levels and all-cause mortality that persists across
age strata and after multivariate adjustments for markers
reporting nutrition and inflammation, and is independent of
phosphate binder use.

Our study corroborates the adverse relationship between
hyperphosphatemia and mortality in HD patients [24].
However, only a few studies have focused on this relationship
as a function of age. Lertdumrongluk et al. [5] have shown a re-
lationship between hyperphosphatemia and mortality in

patients >75 years old. We corroborate this finding and ex-
tended our research into octogenarians, in which we describe
an equally clear relationship between high phosphate and
mortality. Therefore, there does not appear to be an age
threshold above which the association between hyperphos-
phatemia and mortality vanishes. In contrast, the curves de-
scribing the association between low and high serum
phosphate levels and increased mortality appeared even to be
shifted to the left in the very elderly.

Next to hyperphosphatemia, our study also shows an in-
creased mortality risk with phosphate levels <3.4–4.6 mg/dL
(depends on age strata), the threshold by which hypophospha-
temia is usually defined in the dialysis literature and guidelines
[1, 2, 24]. The relationship between low phosphate levels and
mortality was recently confirmed in a meta-analysis [24]. Our
results appear to be in contrast to the study by Lertdumrongluk
et al., who observed a relationship between low phosphate
levels and mortality only in patients >65 years [5]. However, in
their study, this relationship was present in the unadjusted
analysis but lost statistical significance after adjusting for nutri-
tional, inflammatory and social economic factors. In this study,
even after extensive adjustment for demographic, economic,

FIGURE 2: Association between all-cause mortality and serum phosphate in patients with and without used phosphate binding agents (fully adjusted models).

The black solid lines show the estimated hazard ratio of patients who did not use phosphate binding agents during the baseline period and black dashed lines show

the lower and upper limits of the hazard ratio. The red solid lines show the estimated hazard ratio of patients that took phosphate binding agents within the baseline

and red dashed lines show the lower and upper limits of the hazard ratio. Arrows show the serum phosphate with the hazard ratio ¼ 1.0. The adjusted models were

adjusted by gender, race, VA, MS, BMI, DM as comorbidity, CHF as comorbidity, serum albumin, creatinine, nPCR and NLR.
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nutritional and inflammatory parameters, the relationship
between low phosphate levels and mortality persisted across
wide ranges of age. Also in the study of Lee et al., a relationship
between phosphate levels <3.5 mg/dL and increased all-cause
and infection-related mortalities were observed in the adjusted
analysis, although results were not separated by age [6].

It is likely that hyperphosphatemia is directly causative of ad-
verse outcomes because of its association with vascular calcifica-
tions [25, 26] and premature aging. Low phosphate levels are an
indicator of inflammation, malnutrition or underlying disease, al-
though in the presence of very low levels, also cardiopulmonary
and leukocyte function may be impaired [6, 8]. Indeed, in our

Table 3. Predictors of serum phosphate levels <4.0 mg/dL for patients in different age strata

Predictors

All 18�Age < 35 35�Age < 55 55�Age < 75 Age �75

n¼ 245 853 n¼ 13 007 n¼ 61 499 n¼123 088 n¼ 25 165

AOR (95% CI) AOR (95% CI) AOR (95% CI) AOR (95% CI) AOR (95% CI)

Age (every 10 years) 1.40 (1.39–1.41)* – – – –
Married versus nonmarried 1.06 (1.03–1.08)* 1.04 (0.88–1.24) 0.97 (0.91–1.02) 1.00 (0.96–1.03) 0.98 (0.94–1.02)
White versus nonwhite 0.91 (0.89–0.93)* 0.73 (0.64–0.83)* 0.76 (0.72–0.81)* 0.81 (0.78–0.84)* 0.81 (0.77–0.85)*
Male versus female 1.03 (1.01–1.05)* 0.8 (0.71–0.92)* 0.88 (0.84–0.94)* 1.09 (1.05–1.12)* 1.18 (1.13–1.23)*
Catheter as vascular assess 1.05 (1.03–1.08)* 1.25 (1.07–1.45)* 1.02 (0.96–1.09)* 1.06 (1.03–1.10)* 1.13 (1.07–1.18)*
BMI 0.97 (0.97–0.98)* 0.98 (0.97–0.99)* 0.97 (0.97–0.98)* 0.98 (0.98–0.99)* 0.99 (0.99–0.99)*
Chronic obstructive pulmonary disease 1.15 (1.10–1.19)* 1.21 (0.86–1.7) 1.07 (0.95–1.21) 1.09 (1.03–1.15)* 0.97 (0.91–1.05)
CVD 0.90 (0.88–0.92)* 0.81 (0.71–0.93)* 0.91 (0.86–0.96)* 0.90 (0.87–0.93)* 0.93 (0.89–0.97)*
Infection, % 1.00 (0.97–1.03) 0.99 (0.82–1.21) 1.12 (1.03–1.21)* 1.01 (0.97–1.06) 0.93 (0.89–0.97)
DM, % 0.94 (0.92–0.96)* 0.78 (0.65–0.94)* 0.86 (0.81–0.91)* 0.95 (0.92–0.98)* 0.96 (0.92–1.00)
CHF, % 1.13 (1.10–1.16)* 0.99 (0.79–1.26) 0.93 (0.85–1.01) 1.02 (0.98–1.06) 1.08 (1.03–1.14)*
Phosphate binder, % 0.48 (0.47–0.49)* 0.56 (0.49–0.64)* 0.46 (0.44–0.49)* 0.52 (0.50–0.53)* 0.54 (0.51–0.56)*
Serum albumin (g/dL) 0.49 (0.48–0.51)* 0.86 (0.76–0.98)* 0.69 (0.65–0.73)* 0.49 (0.48–0.51)* 0.44 (0.42–0.46)*
Serum prealbumin (mg/dL) 0.95 (0.94–0.97)* 0.97 (0.88–1.08) 0.95 (0.91–0.99)* 0.95 (0.93–0.97)* 1.12 (0.88–1.42)
Serum creatinine (mg/dL) 0.67 (0.67–0.68)* 0.74 (0.72–0.76)* 0.73 (0.72–0.73)* 0.68 (0.68–0.69)* 0.65 (0.64–0.66)*
nPCR (g/kg per day) 0.06 (0.06–0.07)* 0.09 (0.06–0.14)* 0.06 (0.05–0.07)* 0.05 (0.05–0.06)* 0.07 (0.06–0.08)*
NLR 1.03 (1.03–1.03)* 1.03 (1.01–1.04)* 1.02 (1.01–1.03)* 1.03 (1.02–1.03)* 1.02 (1.01–1.02)*
Parathyroid hormone (pg/mL) 0.99 (0.99–0.99)* 0.99 (0.99–0.99)* 0.99 (0.99–0.99)* 0.99 (0.99–0.99)* 0.99 (0.99–0.99)*
Vitamin D 25 (ng/mL) 1.01 (1.01–1.01)* 1.00 (0.99–1.01) 1.01 (1.00–1.01)* 1.01 (1.00–1.01)* 1.00 (1.00–1.01)*
eKt/V 1.00 (0.99–1.00) 1.00 (0.99–1.01) 1.00 (1.00–1.01) 1.00 (0.99–1.00) 1.04 (1.00–1.08)
IDWG (kg) 0.61 (0.61–0.62)* 0.65 (0.60–0.70)* 0.66 (0.64–0.68)* 0.68 (0.67–0.69)* 0.66 (0.64–0.68)*
Ever hospitalized during first 6 months 1.30 (1.28–1.33)* 1.04 (0.92–1.19) 1.16 (1.09–1.22)* 1.32 (1.28–1.36)* 1.30 (1.25–1.36)*
Ever hospitalized during baseline 1.34 (1.31–1.37)* 1.04 (0.91–1.19) 1.18 (1.11–1.24)* 1.38 (1.34–1.43)* 1.36 (1.30–1.42)*
Hospitalization frequency during baseline 1.09 (1.07–1.10)* 1.03 (0.97–1.09) 1.11 (1.08–1.14)* 1.15 (1.13–1.17)* 1.10 (1.05–1.16)*
Hospitalization duration during baseline 1.02 (1.02–1.02)* 1.01 (1.01–1.02)* 1.02 (1.02–1.02)* 1.02 (1.02–1.02)* 1.02 (1.02–1.03)*

*P-value < .001. AOR, adjusted odds ratio.

FIGURE 3: Risk of death across levels of serum phosphate and age. Left: contour plot of the estimated hazard ratio of death in the next year as a joint function of serum

phosphate and age for patients with serum phosphate and age fixed at their median values. Estimates of the joint effects are shown in a region with sufficient data

decided by posterior SDs. Right: age slices at different serum phosphate ranges. Sections through the contour plot (left) at four age levels. The adjusted model was

adjusted by gender, race, VA, MS, BMI, DM as comorbidity, CHF as comorbidity, serum albumin, creatinine, nPCR and NLR.
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FIGURE 4: Risk of death across levels of serum phosphate and (A) serum albumin, (B) serum creatinine and (C) nPCR. (A) Left: contour plot of the estimated hazard ratio

of death in the next year as a joint function of serum phosphate and albumin for patients with serum phosphate and albumin fixed at their median values. Right: albu-

min slices at different serum phosphate ranges. Sections through the contour plot (left) at four albumin levels. The adjusted model was adjusted by gender, race, VA,

MS, BMI, DM as comorbidity, CHF as comorbidity, creatinine, nPCR and NLR. (B) Left: contour plot of the estimated hazard ratio of death in the next year as a joint func-

tion of serum phosphate and nPCR for patients with serum phosphate and creatinine fixed at their median values. Right: creatinine slices at different serum

phosphate ranges. Sections through the contour plot (left) at four creatinine levels. The adjusted model was adjusted for gender, race, VA, MS, BMI, DM as comorbidity,

CHF as comorbidity, albumin, nPCR and NLR. (C) Left: contour plot of the estimated hazard ratio of death in the next year as a joint function of serum phosphate and

nPCR for patients with serum phosphate and nPCR fixed at their median values. Right: nPCR slices at different serum phosphate ranges. Sections through the contour

plot (left) at four nPCR levels. The adjusted model was adjusted by gender, race, VA, MS, BMI, DM as comorbidity, CHF as comorbidity, albumin, creatinine and NLR.
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study, serum albumin, creatinine and nPCR were lower in
patients with serum phosphate levels <4.0 mg/dL, whereas NLR
as a marker of inflammation was higher. In a study in 3552
Portuguese dialysis patients, lean tissue index was lower in the
group with serum phosphate <3.5 mg/dL, although also age was
significantly higher in this group [10].

We additionally explored the interaction between phosphate
levels with several inflammatory and nutritional parameters. Our
study differs from previous ones by a separate continuous analysis
between phosphate and a range of nutritional and inflammatory
markers, including, serum creatinine, albumin and NLR, while
adjusting for the others using smoothing spline ANOVA Cox pro-
portional hazard model. Serum creatinine can be viewed as a
marker influenced by muscle mass [27]. Previous studies have
shown the relationship between these markers and outcome in
HD patients [7, 28]. nPCR calculated from urea kinetic modeling
reflects daily steady dietary protein intake. Various publications
had illustrated the negative associations of lower nPCR and evalu-
ated risk of death in HD patients [29–31]. Over a wide range of these
parameters, the U-shaped curve between phosphate and mortality
was observed. Most notably, the relationship between hyperphos-
phatemia and outcome persisted in patients with biochemical evi-
dence of inflammation and malnutrition, whereas the risk
associated with low phosphate levels also remained present in
patients with normal serum albumin levels. We suggest that in
this case, low phosphate levels may be a sign of impending malnu-
trition. Our group has previously indicated that various nutritional
markers decline �6 months before hospitalizations. Our subset
analysis in patients with at least one admission of hospitalization
during the first 6 months on HD indicated that the adverse effect of
low and high phosphate persisted, and in all levels of nutritional
and inflammatory status [18]. Therefore, low phosphate levels,
which persist after modification of phosphate binder therapy and
hospitalizations, may prompt a call to action in and search for
modifiable risk factors such as low protein intake. Low phosphate
levels were also associated with increased mortality in patients us-
ing phosphate binders. As the use of phosphate binders in HD
patients is generally associated with improved outcomes [19], we

suggest that the relationship between low phosphate levels and
mortality, in this case, is primarily a reflection of underlying nutri-
tional abnormalities.

The strengths of this manuscript are the availability of a very
large database and the use of innovative statistical techniques
that study the interaction between two risk factors in relation to
outcome in a continuous way. The drawbacks are its observa-
tional nature and the absence of data on residual renal function
(RRF), which may when present be associated with lower phos-
phate levels. However, as RRF is generally protective in relation
to mortality, the presence of RRF in a model is more likely to at-
tenuate the relationship between low serum phosphate levels
and adverse outcomes. Moreover, there is a lack of detailed infor-
mation on dietary intake and nutritional intervention, which po-
tentially could add additional insights to this study.
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FIGURE 5: Risk of death across levels of serum phosphate and NLR. Left: contour plot of the estimated hazard ratio of death in the next year as a joint function of serum

phosphate and NLR for patients with serum phosphate and NLR fixed at their median values. Right: NLR slices at different serum phosphate ranges. Sections through

the contour plot (left) at four NLR levels. The adjusted model was adjusted by gender, race, VA, MS, BMI, DM as comorbidity, CHF as comorbidity, serum albumin, creat-

inine and nPCR.
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