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ABSTRACT
Background:  Low protein intake (LPI) has been suggested as a treatment for chronic kidney 
disease (CKD). However, protein intake is essential for bone health.
Methods:  We studied the database of the National Health and Nutrition Examination Survey, 
2005–2010. Basic variables, metabolic diseases, and bone density of different femoral areas were 
stratified into four subgroups according to different protein intake (DPI) (that is, <0.8, 0.8–1.0, 
1.0–1.2, and >1.2 g/kg/day).
Results:  Significant differences were found among all lumbar area bone mineral density (BMD) 
and T-scores (p < 0.0001). There was an apparent trend between a decreasing BMD in the CKD 
groups with increasing DPI in all single lumbar spines (L1, L2, L3, and L4) and all L spines (L1-L4). 
Compared with DPI (0.8–1.0 g/day/kg), higher risks of osteoporosis were noticed in the subgroup 
of >1.2 g/day/kg over L2 (relative risk (RR)=1.326, 95% confidence interval (CI)=1.062–1.656), 
subgroup >1.2 g/day/kg over L3 (RR = 1.31, 95%CI = 1.057–1.622), subgroup <0.8 g/day/kg over L4 
(RR = 1.276, 95%CI = 1.015–1.605), subgroup <0.8 g/day/kg over all L spines (RR = 11.275, 95%CI 
= 1.051–1.548), and subgroup >1.2 g/day/kg over all L spines (RR = 0.333, 95%CI = 1.098–1.618). 
However, a higher risk of osteoporosis was observed only in the non-CKD group. There was an 
apparent trend of higher DPI coexisting with lower BMD and T scores in patients with CKD. For 
osteoporosis (reference:0.8–1.0 g/day/kg), lower (<0.8 g/day/kg) or higher DPI (>1.2 g/day/kg) was 
associated with higher risks in the non-CKD group, but not in the CKD group.
Conclusions:  In the CKD group, LPI for renal protection was safe without threatening L spine 
bone density and without causing a higher risk of osteoporosis.

KEY LEARNING POINTS
A low-protein diet should be encouraged in patients with CKD, but protein is essential for bone 
health. In this study, we showed that a low-protein diet did not affect lumbar bone density. 
Therefore, in the care of CKD, a low-protein diet is beneficial for renal function and without harm 
to lumbar bone health.

Introduction

Osteoporosis is defined by bone mineral density (BMD), 
which is an essential determinant of bone strength and, 
hence, the risk of bone fracture [1]. In osteoporosis, fragility 
fractures occur spontaneously or after minor trauma. Reduced 

bone mineral density (BMD) is a major risk factor for fragility 
fractures. Protein diets affect bone strength as proteins con-
stitute about half of the bone volume and 1/3 of the bone 
mass [2]. The collagen and noncollagen forms of proteins can 
provide a structural matrix. Proper protein diets are essential 
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for maintaining bone mass. A meta-analysis of adults showed 
that protein intake is one of the primary anabolic stimuli for 
the biosynthesis of muscle proteins [3]. Therefore, the current 
Recommended Dietary Allowance (RDA) of protein intake for 
adult is 0.8 g/kg/day [4]. However, there are still some disad-
vantages to using proteins involved in bone formation. For 
example, proteins may be metabolized to acids, which under 
certain conditions can lead to metabolic acidosis. Acidosis 
further worsens the function of osteoblasts and extends the 
life of osteoclasts [5]. Therefore, protein intake that is too 
high is not recommended for bone health. To date, the asso-
ciation between dietary protein intake and bone metabolism 
is still lacking in the general population.

Chronic kidney disease (CKD) is a heterogeneous disorder 
characterized by impaired kidney structure and function with 
a number of presentations and outcomes related to the 
underlying cause and disease severity [6,7]. All patients have 
nephron loss, with the remaining viable glomeruli showing 
hyperfiltration [8]. Glomerular hyperfiltration further impairs 
viable nephrons, leading to a vicious cycle of dysfunction. In 
1996, Barry Brenner proposed a theory called ‘the hyperfiltra-
tion theory: a paradigm shift in nephrology’ [9]. He postu-
lated that, in most CKD, glomerular hyperfiltration exacerbates 
the progression of renal damage [9]. Therefore, treatments 
for controlling glomerular hyperfiltration should include the 
following: aggressive control of blood pressure, low salt diet 
[10], low animal protein diet [10,11], the use of 
renin-angiotensin system inhibitors (RASi) [12–17], 
sodium-glucose cotransporter-2 inhibitors [18], endothelin-1 
antagonist [19], finerenone [20,21] and glucagon-like peptide 
1 receptor agonists [22]. A high animal protein diet increases 
intraglomerular pressure via afferent arteriolar vasodilation, 
leading to CKD [23]. Therefore, low-protein diets (0.6–0.8 g/
kg/day) are routinely recommended for CKD patients to min-
imize glomerular hyperfiltration [24–27]. Three recent studies 
further support the benefit of a low-protein diet in CKD care 
to obtain better renal function [11,28,29]. Low low-protein 
diet is also recommended in the Kidney Disease: Improving 
Global Outcomes (KDIGO) guideline [30] to curtail the pro-
gression of CKD. However, very few studies have investigated 
whether low-protein diet intervention threatens bone health 
in CKD patients. The association between different amounts 
of daily protein intake (DPI) and bone health has not been 
studied in patients with CKD, with the exception of our pre-
vious study in the hip area [31].

CKD has a detrimental impact on bone strength. 
Nonetheless, the osteoporotic manifestations observed in CKD 
patients remain inadequately elucidated. In a prior investiga-
tion employing high-resolution peripheral quantitative com-
puted tomography (HR-pQCT) to assess the three-dimensional 
microarchitecture of bone, it was demonstrated that individu-
als at CKD stage 5 D exhibited notable tibial microstructural 
impairments in comparison to those at CKD stage 4–5 [32]. 
Meanwhile, patients with stage-3 CKD start to develop sec-
ondary hyperparathyroidism (hypocalcemia, hyperphosphate-
mia, and hyperparathyroidism), low serum levels of active 
vitamin D, more calcium-containing medications with meals 

(for phosphate binders), and metabolic acidosis [33]. As renal 
function deteriorated, the condition worsened. All of these 
conditions in CKD can affect bone health. From a cross-sectional 
study in 2020 [34], the results showed that femoral BMD rather 
than lumbar BMD was positively correlated with the eGFR in 
the CKD population. In our previous study, we found that a 
low DPI is safe for bone health in the femoral neck area in 
patients with CKD [31]. The peak adult bone mass, rate of 
bone loss, and artifacts were not the same throughout the 
skeleton. Therefore, in the present study, we analyzed bone 
density over the lumbar (L) spine among different DPI with or 
without CKD.

Subjects and methods

Study population and data collection

National Health and Nutrition Examination survey (NHANES)
The National Health and Nutrition Examination Survey 
(NHANES) is a health-related program conducted periodically 
by the Centers for Disease Control (CDC) and Prevention’s 
National Center for Health Statistics (NCHS), which released 
this dataset. The Research Ethics Review Board at the NCHS 
approved the survey protocol, all participants, or proxies, and 
provided written informed consent. This large ongoing dietary 
survey was conducted to assess the health and nutritional sta-
tus of community-dwelling individuals in the U.S. Nutritional 
status data are very detailed and have been extensively inves-
tigated in many published studies. The examinations included 
laboratory data, questionnaires on health and nutrition, and 
anthropometric measurements. All participants completed 
in-home interviews. We analyzed participants in the NHANES 
from 2005 to 2010. Participants were only included in our 
study under the following criteria: >18 years of age with data 
on renal function (estimated glomerular filtration rate) (eGFR), 
and had complete data with respect to anthropometric mea-
surements, questionnaires, and laboratory examinations.

Definition for protein diet.  The current RDA of protein intake 
is 0.8 g protein/kg BW/day for adults [35]. For an elderly 
subject, higher intakes have been recommended, like 1.0–1.2 
to 1.2–1.5 g/kg/day to maintain muscle functions [36]. For 
CKD patients, restricted daily protein intake is approximately 
0.6–0.8 g/kg/day [37–39]. For CKD patients, most guidelines, 
including KDIGO, recommend a restricted protein diet such 
as a low protein diet (0.6 g/kg/day) or a very low protein diet 
(0.2 g/kg/day) [40]. Thus, we stratified our subject population 
based on their daily protein intake (DPI) into 4 groups: (a) 
<0.8 g/kg/day, (b) 0.8–1.0 g/kg/day, (c) 1.0–1.2 g/kg/day, and 
(d) ≥1.2 g/kg/day. This grouping scheme was also used in our 
previous related study (on the impact of DPI on hip fractures 
in patients with and without CKD from NHANES) [31]. DPI 
information was collected by an interviewer administering 
24-h recalls using the U.S. Department of Agriculture 
Automated Multiple-Pass Method. This is a 5-step procedure 
to quantify 24-h food and beverage intakes [36].

Definition of osteoporosis. The study subjects were evaluated 
using dual-energy X-ray absorptiometry (DXA) for BMD (g/
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cm2). BMDs of the lumbar (Ls) spines, including L1, L2, L3, L4, 
and all L spines, were evaluated using DXA (Hologic Inc., 
Bedford, MA, USA). All measurements were performed 
according to the standard procedures [37,40]. In the field of 
osteoporosis, according to the International Society for 
Clinical Densitometry (ISCD), clinicians use combined L1-L4 
for spine BMD measurement. However, BMD and T score data 
in all lumbar spines should be initially presented as individual 
vertebrae (from L1 to L4). The major reason is that the 
presentation of individual vertebrae to see is there any more 
than a 1.0 T-score difference between the vertebrae in 
question and the adjacent vertebrae. If the T-score difference 
is greater than 1.0, the vertebral data may be excluded from 
the analysis. Therefore, we presented all individual lumbar 
spine BMD and T-score data.

Quality control was routinely conducted using all the DXA 
machines. According to the measured BMD and World Health 
Organization criteria [38], those patients with T scores 
between −1.0 and −2.5 were defined as having osteopenia. 
Moreover, those with T scores < −2.5 were defined as having 
osteoporosis. Both CKD and non-CKD groups were diagnosed 
according to the above criteria [38].

NHANES performed a continuous, nationwide representa-
tive health survey of civilian, non-institutionalized US people 
and collected data on about 5000 persons per year from inter-
views, physical examinations, and medical data including ‘bone 
densitometry’. In 1999, NHANES began performing DXA 
whole-body measurements on survey subjects aged 8 years 
and older in three mobile examination centers [41]. Less than 
10% of participants did not have DXA data because of their 
physiological state (pregnant women or amputations).

Other data collection.  Baseline variables according to the four 
groups of DPI included the following: age, sex, body mass 
index (BMI) (kg/m2), glycated hemoglobin (HbA1c) (%), eGFR 
according to the Modification of Diet in Renal Disease (MDRD) 
(ml/min/1.732 m2), systolic blood pressure (SBP) (mmHg), 
diastolic blood pressure (DBP) (mmHg), total cholesterol (mg/
dl), high-density lipoprotein (mg/dl), triglyceride (mg/dl), and 
fasting plasma glucose (mg/dl). HbA1c levels were measured 
using boronate affinity high-performance liquid 
chromatography (CLC385 TM, Primus, Kansas City, Mo., USA). 
The equation of eGFR (ml/min/1.732 m2) according to MDRD 
was as follows: eGFR = 186 × serum creatinine (mg/dl) −1.154 × 
years −0.203 × (0.742, if female) × (1.210, if African American) 
[42]. The MDRD formula (instead of the Cockcroft and Gault 
formula or Chronic Kidney Disease Epidemiology Collaboration 
(CKD-EPI) formula) was chosen because of its higher accuracy 
for diabetic patients (1555 cases in this study) with impaired 
renal function [43]. CKD-EPI was first used in 2009. Our 
population covered the period mostly before 2009 [44–49]. 
MDRD for diagnosing CKD has also been published in journals 
with high impact factor [50,51]. Therefore, CKD was defined as 
eGFR < 60 mL/min/1.73 m2 according to the MDRD equation. 
Data from the CKD-EPI definition are also presented in the 
supplementary data. This study was approved by the Human 
Research Review Committee of Taichung Veterans General 
Hospital (approval number CE19051B). All methods were 
performed in accordance with the relevant guidelines and 
regulations, including a statement in the Methods section 
regarding this effect.

Methods

We conducted this retrospective study of participants in the 
NHANES from 2005 to 2010. Participants were only included 
in our study if they had sufficient renal function data, DXA 
values (BDM and T score), and completed nutrition question-
naires. Specifically, for the studied subjects, the basic vari-
ables, metabolic diseases, and bone density of different 
femoral areas were stratified into four subgroups according 
to different levels of protein diet of dietary protein intake 
(DPI) (that is, <0.8, 0.8–1.00, 1.0–1.2, and >1.2 g/kg/day). We 
then compared the differential femoral areas among these 
subgroups for both the CKD and non-CKD subjects.

Statistical analyses

For continuous variables (e.g. BMD and T-score), data are pre-
sented as the mean ± SEM. BMD, T score, and osteoporosis 
from all individual L spines were presented according to dif-
ferent DPI with or without CKD. All p values for comparisons 
were two-sided and considered significant at p < 0.05. In 
addition, 95% confidence intervals (CI) were calculated. For 
other continuous variables, we presented them as mean 
(95% CI). Because of the complex survey design of the 
NHANES study (e.g. a complex survey designed with stratifi-
cation, clustering, and/or unequal weighting), the usual esti-
mates were inappropriate. The analyses were weight-adjusted 
to represent the U.S population. The key concept of weight-
ing in the NHNAES is to account for the complex survey 
design (including oversampling), survey non-response, and 
post-stratification. Weighted data were calculated according 
to online analytic guidelines (NHNES: Analytic Guidelines, 
2011–2014 and 2015–2016) [25]. Some examples of papers 
with reweighted NHANES data can be seen [52,53]. Analysis 
of variance (ANOVA) was used to examine significant differ-
ences in baseline demographics and characteristics across 
different levels of protein intake. The sample-weighted 
AVOVA test was performed using the SAS SURVEYREG 
Procedure according to the user’s instructions. Subgroups of 
DPI were: (a) <0.8 g/kg/day, (b) 0.8–1.0 g/kg/day, (c) 1.0–1.2 g/
kg/day, and (d) >1.2 g/kg/day. To overcome possible con-
founding factors, we performed adjusted and weighted tests 
using the SURVEYREG Procedure to compare the BMD and 
T-score levels among different subgroups of protein intake 
after adjusting for age, sex, energy intake, and BW. We also 
related lumbar bone density with the clinical outcome (risk 
of osteoporosis) (data presented as relative risk (RR), 95% CI) 
according to the cutoff criteria in a previous study [54]. 
Subgroup analyses were further performed for elderly 
patients and those without CKD, daily calcium intake, daily 
phosphorus intake, blood calcium concentration, blood phos-
phorus concentration, daily vitamin D intake, and blood vita-
min D concentration. In addition, we used weighted logistic 
regression analyses to compare osteoporosis risk across dif-
ferent levels of protein intake using the SAS SURVEYLOGISTIC 
Procedure. All analyses were conducted using Statistical 
Analysis System survey procedures (SAS version 9.4, 2013, 
Cary, NC, USA).

https://doi.org/10.1080/0886022X.2023.2298080
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Results

Baseline characteristics of population divided by different 
protein intake

Initially, 31,034 participants were included in the study. After 
exclusion (age≦18y/o, no eGFR data, incomplete data from 
total nutrient intake questionnaires, and no data on nutrient 
intake and bone density), 10,753 participants were analyzed 
(Figure 1). Their mean age was relatively young (44.3 y/o) and 
most were healthy (Table 1). However, many of them were 
obese (27.89 kg/m2 of BMI). As for metabolic syndrome, few 
had hypertension (122.35 mmHg of mean SBP, 70.87 mmHg; 
DBP), their total cholesterol was 197.03 mg/dl and only 10.9% 
had DM. Few patients had renal dysfunction (96.69 mL/
min/1.732 m2 of mean eGFR), and only 5.93% of patients had 
CKD. The mean protein intake was 1.1 g/kg per day. People 
who consumed more proteins were more likely to be 
younger, male, with lower BW and lower BMI (all p < 0.0001). 
They also had fewer CKD (based on both the MDRD and 
CKD-EPI formulas), higher eGFR, fewer DM (less fasting glu-
cose and HbA1c), lower SBP, and greater calorie intake (all 
p < 0.0001). Among all four subgroups of protein intake, we 
found no significant inter-subgroup differences in all lumbar 
area BMD and T-scores (p < 0.0001).

Lumbar BMD and T score divided by different protein 
intake

We investigated BMD and T-scores from different protein 
diets after adjusting for age, sex, daily energy intake, BW, and 

CKD (Table 2). After adjustments, the above variables showed 
no significant difference in bone density (both BMD and T 
score) with respect to different protein intake. The above 
findings were further divided into two groups: CKD and 
non-CKD (Table 3, MDRD formula). Again, we found no sig-
nificant differences among all the comparisons. Nevertheless, 
there was an apparent trend showing that in the CKD group, 
BMD decreased with increasing DPI in all single lumbar 
spines (L1, L2, L3, and L4) and all L spines (L1-L4) 
(Supplementary Figure 1B). This trend was not observed in 
the non-CKD group (Supplementary Figure 1A). Similarly, this 
trend was also observed in the CKD group, as with the 
decreasing T score with increasing DPI at all single lumbar 
spines (L1, L2, L3, and L4) and all L spines (L1-L4) 
(Supplementary Figure 1D). This trend was not observed in 
the non-CKD group (Supplementary Figure 1C). The above 
conditions were also similar when CKD was defined using 
the CKD-EPI formula (Supplementary Table 1).

Relative risk of osteoporosis in lumbar spines divided by 
different protein intake

The outcome of osteoporosis in lumbar spines is shown in 
Table 4 (MDRD formula for CKD definition) against different 
levels of DPI (as compared with 0.8–1.0 g per day/kg of DPI). 
After adjustment for age, gender, daily energy intake and 
BW, compared with DPI (0.8–1.0 g/day/kg), higher risks of 
osteoporosis were noticed in subjects with intakes >1.2 g/
day/kg over L2 (RR = 1.326, 95%CI = 1.062–1.656), >1.2 g/
day/kg over L3 (RR = 1.31, 95%CI = 1.057–1.622), <0.8 g/day/

Figure 1. algorithm for the selection of participants.

https://doi.org/10.1080/0886022X.2023.2298080
https://doi.org/10.1080/0886022X.2023.2298080
https://doi.org/10.1080/0886022X.2023.2298080
https://doi.org/10.1080/0886022X.2023.2298080
https://doi.org/10.1080/0886022X.2023.2298080
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kg over L4 (RR = 1.276, 95%CI = 1.015–1.605), <0.8 g/day/kg 
over all L spines (RR = 11.275, 95%CI = 1.051–1.548), and 
>1.2 g/day/kg over all L spines (RR = 1.333, 95%CI = 

1.098–1.618). Further segregation into CKD and non-CKD 
groups, higher risks of osteoporosis were only found in 
non-CKD group (supplementary Figure 1E): <0.8 g/day/kg 

Table 2. lumbar BMD and T score according to different level of daily protein intake.

Region of 
interest

Daily protein intake per day, g/kg

p for trend<0.8 0.8–1.0 1.0–1.2 >1.2

l1 BMD 0.955 ± 0.012 0.961 ± 0.011 0.956 ± 0.013 0.957 ± 0.011 0.8465
T SCORe −2.038 ± 0.041 −1.991 ± 0.049 −2.03 ± 0.061 −2.021 ± 0.051 0.8465

l2 BMD 1.046 ± 0.01 1.056 ± 0.009 1.047 ± 0.011 1.049 ± 0.009 0.8098
T SCORe −1.288 ± 0.032 −1.197 ± 0.04 −1.273 ± 0.056 −1.26 ± 0.052 0.8098

l3 BMD 1.071 ± 0.011 1.083 ± 0.01 1.068 ± 0.012 1.073 ± 0.011 0.8411
T SCORe −1.075 ± 0.042 −0.976 ± 0.049 −1.099 ± 0.059 −1.058 ± 0.06 0.8411

l4 BMD 1.069 ± 0.011 1.079 ± 0.009 1.067 ± 0.01 1.07 ± 0.01 0.9114
T SCORe −1.096 ± 0.031 −1.01 ± 0.043 −1.107 ± 0.044 −1.08 ± 0.053 0.9114

all BMD 1.039 ± 0.01 1.049 ± 0.008 1.039 ± 0.01 1.041 ± 0.009 0.9914
T SCORe −1.34 ± 0.035 −1.259 ± 0.044 −1.344 ± 0.053 −1.321 ± 0.052 0.9914

adjustments for age, sex, daily energy intake, body weight, and CKD.

Table 3. lumbar BMD and T score according to different level of daily protein intake divided by CKD or not (MDRD-eGFR).

Region of 
interest

CKD or not 
(MDRD)

Daily protein intake per day, g/kg

P for trend o for interaction<0.8 0.8–1.0 1.0–1.2 >1.2

BMD
l1 non CKD 0.952 ± 0.004 0.959 ± 0.004 0.954 ± 0.005 0.955 ± 0.003 0.7808 0.9200

CKD 0.93 ± 0.01 0.914 ± 0.015 0.913 ± 0.021 0.907 ± 0.017 0.3176
l2 non CKD 1.041 ± 0.004 1.052 ± 0.004 1.043 ± 0.005 1.045 ± 0.004 0.7274 0.5980

CKD 1.022 ± 0.011 1.01 ± 0.014 1.002 ± 0.025 0.997 ± 0.019 0.2708
l3 non CKD 1.063 ± 0.004 1.077 ± 0.004 1.061 ± 0.005 1.067 ± 0.004 0.9568 0.6264

CKD 1.071 ± 0.012 1.036 ± 0.015 1.042 ± 0.026 1.027 ± 0.017 0.0683
l4 non CKD 1.063 ± 0.004 1.075 ± 0.004 1.062 ± 0.004 1.066 ± 0.004 0.9531 0.7801

CKD 1.077 ± 0.01 1.056 ± 0.014 1.055 ± 0.028 1.047 ± 0.018 0.2233
all non CKD 1.034 ± 0.004 1.045 ± 0.004 1.034 ± 0.005 1.037 ± 0.003 0.8619 0.9952

CKD 1.03 ± 0.01 1.009 ± 0.013 1.009 ± 0.025 0.999 ± 0.017 0.1716
T score

l1 non CKD −2.065 ± 0.036 −2.011 ± 0.032 −2.054 ± 0.038 −2.043 ± 0.022 0.7808 0.9200
CKD −2.25 ± 0.085 −2.384 ± 0.124 −2.391 ± 0.175 −2.439 ± 0.14 0.3176

l2 non CKD −1.328 ± 0.033 −1.232 ± 0.031 −1.31 ± 0.042 −1.294 ± 0.03 0.7274 0.5980
CKD −1.483 ± 0.091 −1.586 ± 0.118 −1.652 ± 0.21 −1.692 ± 0.155 0.2708

l3 non CKD −1.14 ± 0.035 −1.025 ± 0.034 −1.156 ± 0.04 −1.107 ± 0.032 0.9568 0.6264
CKD −1.078 ± 0.099 −1.364 ± 0.126 −1.319 ± 0.216 −1.442 ± 0.142 0.0683

l4 non CKD −1.141 ± 0.035 −1.045 ± 0.036 −1.148 ± 0.037 −1.115 ± 0.034 0.9531 0.7801
CKD −1.028 ± 0.085 −1.2 ± 0.115 −1.211 ± 0.236 −1.271 ± 0.149 0.2233

all non CKD −1.385 ± 0.033 −1.294 ± 0.031 −1.385 ± 0.038 −1.357 ± 0.028 0.8619 0.9952
CKD −1.42 ± 0.082 −1.591 ± 0.111 −1.589 ± 0.204 −1.673 ± 0.138 0.1716

adjustments for age, sex, daily energy intake, body weight, and CKD. CKD: chronic kidney disease.

Table 4. Relative risk of osteoporosis in lumbar spines in different level of daily protein diet (compared to 0.8–1.0 g/day/kg of daily protein intake) divided 
by CKD or not (MDRD-eGFR).

Region of interest

Daily protein intake per day, g/kg

P for trend p for interaction<0.8 0.8–1.0 1.0–1.2 >1.2

l1 0.985(0.849–1.142) ReF 0.941(0.767–1.154) 0.957(0.807–1.135) 0.6712
non-CKDa 0.978(0.838–1.142) ReF 0.941(0.764–1.159) 0.95(0.796–1.135) 0.6807 0.5079
CKD 1.008(0.597–1.701) ReF 0.996(0.449–2.207) 1.138(0.627–2.068) 0.7789
l2 1.352(1.128–1.621) ReF 1.163(0.912–1.484) 1.326(1.062–1.656) 0.9165
non-CKD 1.352(1.104–1.656) ReF 1.154(0.896–1.486) 1.315(1.037–1.668) 0.9624 0.2183
CKD 1.115(0.605–2.055) ReF 1.528(0.669–3.49) 1.45(0.828–2.54) 0.3861
l3 1.222(0.96–1.556) ReF 1.099(0.877–1.377) 1.31(1.057–1.622) 0.4315
non-CKD 1.22(0.949–1.569) ReF 1.114(0.88–1.409) 1.322(1.058–1.651) 0.4118 0.4010
CKD 1.179(0.608–2.287) ReF 0.99(0.303–3.229) 1.138(0.484–2.672) 0.9150
l4 1.276(1.015–1.605) ReF 1.13(0.865–1.477) 1.221(0.921–1.619) 0.9241
non-CKD 1.269(0.994–1.62) ReF 1.144(0.86–1.522) 1.23(0.924–1.637) 0.9872 0.4190
CKD 1.283(0.649–2.533) ReF 1.019(0.325–3.189) 1.059(0.471–2.381) 0.7295
all 1.275(1.051–1.548) ReF 1.169(0.902–1.515) 1.333(1.098–1.618) 0.4951
non-CKD 1.281(1.038–1.581) ReF 1.196(0.919–1.557) 1.357(1.114–1.654) 0.4286 0.1763
CKD 1.068(0.553–2.062) ReF 0.941(0.326–2.716) 1.011(0.45–2.271) 0.8858

adjustment for age, sex, daily energy intake, and body weight.
aCKD: chronic kidney disease (MDRD formula).

https://doi.org/10.1080/0886022X.2023.2298080
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over L2 (RR = 1.352, 95%CI = 1.104–1.656), >1.2 g/day/kg (RR 
= 1.315, 95%CI = 1.037–1.668), >1.2 g/day/kg (RR = 1.322, 
95%CI = 1.058–1.651), <0.8 g/day/kg over all L spine (RR = 
1.281, 95%CI = 1.038–1.581), and >1.2 g/day/kg (RR = 1.357, 
95%CI = 1.114–1.654). In summary, in the non-CKD group, 
DPI levels of too low (<8 g/day/kg) and too high (>1.2 g/day/
kg) were associated with higher risks of osteoporosis over L2 
and all L spines, mimicking a U-shaped function 
(Supplementary Figure 1E). In the CKD group, the risk of 
osteoporosis was not associated with the DPI (Supplementary 
Figure 1F). The above condition can also be observed in the 
CKD-EPI formula-based CKD definition (Supplementary 
Table 2).

Relative risk of osteoporosis divided by different protein 
intake and elderly or not

The relative risk of osteoporosis according to age is shown in 
Supplementary Table 3, and according to CKD is shown in 
Table 2. A higher relative risk of osteoporosis was found in the 
elderly and low protein intake (LPI) (<0.8 g/day/kg) over L2 (RR 
= 1.399, 92% CI = 1.03–1.9), L3 (RR = 1.523, 95% CI = 1.015–
2.286) and all L spines (RR = 1.479, 95% CI = 1.2–2.186) 
(Supplementary Table 3). Further taking CKD or not into con-
sideration (supplementary Table 4), non-CKD and the elderly 
posed higher risks for osteoporosis, including LPI (<0.8 g/day/
kg) for L2 (RR = 1.483, 95%CI = 1.002–2.195), LPI (<0.8 g/day/
kg) for L3 (RR = 1.73, 95%CI = 1.045–2.864), LPI (<0.8 g/day/kg) 
for all L spines (RR = 1.673, 95%CI = 1.02–2.647), and HPI (1.0–
1.2 g/day/kg) for all L spines (RR = 1.579, 95%CI = 1.033–2.414).

Relative risk of osteoporosis divided by different protein 
intake, calcium, phosphate, and vitamin D

The relative risk for L spine osteoporosis among different 
daily calcium and phosphorus intakes and blood calcium and 
phosphorus intakes are summarized in supplementary Tables 
5–10. As shown in supplementary Table 9 (calcium and phos-
phorus intake), low calcium and low phosphorus intake were 
associated higher risks for osteoporosis in LPI (<0.8 g/day/kg) 
over L2 (RR = 1.367, 95%CI = 1.068–1.749) and high DPI 
(>1.2 g/day/kg) over L2 (RR = 1.971, 95%CI = 1.378–2.818), L3 
(RR = 1.641, 95%CI = 1.099–2.451), L4 (RR = 1.645, 95%CI = 
1.111–2.436), and all L spines (RR = 1.883, 95%CI = 1.324–
2.677). High calcium and phosphorus intakes were associated 
with higher risks for osteoporosis LPI (<0.8/day/kg) over L2 
(RR = 1.619, 95%CI = 1.055–2.485) and all L spines (RR = 
1.725, 95%CI = 1.09–2.729). In supplementary Table 10 (blood 
calcium and phosphorus levels), low blood calcium and low 
blood phosphorus levels were associated higher risks for 
osteoporosis in LPI (<0.8 g/day/kg) over L2 (RR = 1.8, 95%CI 
= 1.234–2.627), L3 (RR = 1.724, 95%CI = 1.094–2.716), L4 (RR 
= 2.247, 95%CI = 1.412–3.574) and all L spines (RR = 1.853, 
95%CI = 1.212–2.834); HPI (1.0–1.2 g/day/kg) over L4 (RR = 
2.5, 95%CI = 1.39–4.497) and all L spines (RR + 2.074, 95%CI 
= 1.195–3.598); VHPI (>1.2 g/day/kg) over L2 (RR = 1.726, 
95%CI = 1.102–2.703), L4 (RR = 1.892, 95%CI = 1.097–3.262) 

and all L spines (RR = 1.777, 95%CI = 1.104–2.860). High 
blood calcium and high blood phosphorus levels were asso-
ciated with higher risk for osteoporosis in LPI (<0.8 g/day/kg) 
over L2 (RR = 1.399, 95%CI = 1.028–1.905) and all L spines 
(RR = 1.547, 95%CI = 1.081–2.215) and VHPI (>1.2 g/day/kg) 
over all L spines (RR = 1.485, 95%CI = 1.066–2.069). In sum-
mary, only calcium and phosphorus levels (intake or blood 
value) that were too low or too high were associated with a 
higher risk of osteoporosis.

The associations between daily vitamin D intake and 
blood vitamin D concentrations are shown in Supplementary 
Tables 11 and 12. High vitamin D intake and LPI (<0.8 g/day/
kg) were associated with a higher risk of osteoporosis in L2 
(RR = 1.785, 955CI = 1.289–2.473), L4 (RR = 1.42, 95%CI = 
1.018–1.979) and all L spines (RR = 1.394, 95%CI = 1.026–
1.894). High vitamin D blood concentration and LPI (<0.8 g/
day/kg) were associated with higher risks of osteoporosis in 
L2 (RR = 1.729, 95%CI = 1.312–2.278) and all L spines (RR = 
1.558, 95%CI = 1.164–2.086).

Discussion

In our previous study on femoral BMD in the same cohort 
regarding femoral BMD (supplementary Tables 13–15) [31], 
we found that HPI is associated with higher femoral BMD in 
patients without CKD. CKD patients with HPI do not benefit 
from developing higher femoral BMD, and those with LDI do 
not develop lower femoral BMD. However, in a previously 
published study [55], it was found that a high dietary inflam-
mation index is independently associated with decreased 
bone mineral density (BMD) in the femoral regions. In the 
present study, we found similar results regarding lumbar 
BMD in the NHANES cohort. As shown in Table 1, patients 
with a higher DPI experienced lower BMD and T scores. This 
association disappeared after adjusting for age, sex, daily 
energy intake, BW and CKD (Table 2). Furthermore, the differ-
ent DPI groups were not associated with BMD and T scores 
in either the CKD or non-CKD patient groups (Table 3). When 
viewing such an association in diagrams (Supplementary 
Figure 1), we observed an apparent trend that higher DPI 
was associated with lower BMD, despite having no statistical 
significance (Supplementary Figure 1A) and T score 
(Supplementary Figure 1C), despite having no statistical sig-
nificance. As for osteoporosis (Table 4) (reference:0.8–1.0 g/
day/kg), lower (<0.8 g/day/kg) or higher DPI (>1.2 g/day/kg) 
was associated with higher risks for osteoporosis in non-CKD 
group, but not in the CKD group. In summary, in the CKD 
group (defined by either MDRD or CKD-EPI), our nephrolo-
gists considered that the LPI for renal protection was safe 
without threatening L spine bone density (BMD and T score) 
and without higher risks for osteoporosis. LPI might also 
have potential benefits on L-spine bone health (trend with 
higher BMD and T score).

Currently, in the general adult population (≥18 y/o), the 
RDA for protein intake is 0.8 g/kg/day [4], which has remained 
unchanged over the past 70 years. Adequate protein intake is 
essential for continuous turnover and remodeling because 
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proteins make up 50% of the bone and 1/3 of the bone 
mass. Proteins are detrimental and beneficial to bone health 
[56]. Therefore, the ideal DPI for osteoporosis remains debat-
able. Recently, the International Osteoporosis Foundation, 
National Osteoporosis Foundation, American Bone Health, 
and American Society for Nutrition have understood the role 
of DPI in optimizing bone health throughout the lifespan 
[57]. Four systematic reviews suggested that high DPI has no 
detrimental effect on bone health and may benefit elderly 
populations [58–60], But the studies on the ideal amount of 
DPI for osteoporosis in the CKD population are still limited. 
Our data (Supplementary Tables 3 and 4) showed an associ-
ation between different DPI and age in the non-CKD group, 
but not in the CKD group.

The influence of DPI on bone health may depend on cal-
cium intake. A high DPI may have desirable effects on 
changes in hip BMD in the elderly population when supple-
mented with calcium citrate malate and vitamin D [61]. 
Another study in middle-aged people reported that high DPI 
coupled with calcium intake (800 mg/day or more) could pro-
tect against hip fracture [62]. BMD may be improved by 
increasing the DPI only when meeting the recommended 
intake of calcium and vitamin D. Our data (Supplementary 
Tables 5, 6, 11, and 12) also indicated that a mismatch 
between DPI and daily calcium or vitamin D intake was asso-
ciated with a higher risk of osteoporosis in L spine in the 
non-CKD group. This condition also echoed DPI’s non-apparent 
effect of DPI on bone density in the CKD population when 
daily calcium and vitamin D intakes were not matched. 
According to the KDIGO guideline [30], calcium and vitamin 
D supplements in patients with CKD are not as simple as 
those in the non-CKD population. In the CKD population, 
hyperphosphatemia and secondary hyperparathyroidism arise 
if the eGFR drops below 60 mL/min/1.732 m2 [63]. The initial 
treatment is to deal with hyperphosphatemia by restricting 
phosphate intake and by taking calcium-based phosphate 
binders (calcium carbonate and calcium acetate) in meals to 
lower the excess phosphate [64–66]. This intake of 
calcium-containing phosphate binders does not elevate 
blood calcium levels. Calcium intake before or after meals is 
a contraindication for CKD patients to avoid extraskeletal cal-
cium phosphate deposition [67–69], particularly during 
hyperphosphatemia. Similar to calcium supplementation, 
vitamin D supplementation in CKD patients is indicated to 
control elevated parathyroid levels instead of osteoporosis. 
Therefore, mismatched Ca-vitamin D and DPI levels are com-
mon among patients with CKD. This mismatch may explain 
the minimal association between DPI and bone density in 
the CKD population.

Other issues need to be addressed regarding LPI in 
patients with CKD. First, insufficient protein intake may lead 
to a shortage of materials for bone turnover and metabolism. 
That’s why hypoalbuminemia differently affects the serum 
bone turnover markers in hemodialysis patients and serum 
albumin measurement should be considered according to 
previous study [70]. However, increased acidosis (particularly 
from animal origin with sulfur-containing amino acids) is 

deleterious to the skeleton, leading to osteoporosis and an 
enhanced risk of fragility fracture [5]. A lower DPI leads to 
less acidosis, which is beneficial to bone density. In patients 
with CKD, metabolic acidosis is almost always due to the 
production of sulfuric acid from metabolizing sulfur-containing 
amino acids [71,72]. Chronic metabolic acidosis in chronic 
kidney disease (CKD) can cause bone resorption and osteo-
porosis [73–75]. Therefore, a low DPI is beneficial for bone 
density as far as acidosis is concerned. Third, LPD is the stan-
dard treatment for CKD to gain better renal function, fol-
lowed by fewer CKD-mineral bone diseases. Hence, LPI in 
CKD is associated with less CKD-mineral bone disease owing 
to the improvement of bone metabolism and insulin sensitiv-
ity [75]. In summary, the effect of different DPI levels on 
bone density is a complex process in patients with CKD. 
Here, we present the first study with evidence to conclude 
that the association between different DPI and bone density 
is not found in CKD patients.

This study has some limitations. First, the benefits of phys-
ical activity for the management or prevention of osteoporo-
sis have been published [76]. This association was also 
confirmed in the cohort of NHANES [77]. However, greater 
physical activity has been reported to be associated with 
more protein intake [78]. Therefore, even without data on 
physical activity, the association between bone density and 
protein intake can still be investigated. Second, we did not 
have data on pharmacological anti-osteoporosis therapies in 
this cohort. We only collected data on calcium and vitamin D 
supplements because calcium and vitamin D are both 
non-pharmacological or nutritional interventions. The aim of 
this study was nutritional intervention (different protein 
intakes). We only collected data associated with nutritional 
interventions, including calcium, vitamin D, and protein intake. 
In addition, in our previous study [31], the lack of benefit of 
higher protein intake on bone health of the hip joint may be 
due to insufficient calcium and vitamin D supplementation. 
Therefore, calcium and vitamin D interventions provided 
much more important information in this study. Third, we 
acknowledge that other mineral materials might affect bone 
health. Unfortunately, we lacked data on other serum mineral 
materials within the NHANES database. Fourth, in this cohort, 
renal function remains relatively robust, and the CKD popula-
tion is still in the early stages. Therefore, the relationship 
between various protein diets and bone health in the later 
stages of CKD cannot be assessed within the scope of the 
current study. Finally, this is a retrospective study, and there 
may still be some unidentified confounding factors.

Conclusion

Based on the NHANES data, different amounts of DPI were 
not significantly associated with BMD and T scores in both 
the CKD and non-CKD groups (either MDRD or CKD-EPI for-
mula). However, there was an apparent trend in patients with 
CKD, despite no statistical significance, that higher DPI was 
associated with lower BMD and T scores. As for osteoporosis 
(reference:0.8–1.0 g/day/kg), lower (<0.8 g/day/kg) or higher 
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DPI (>1.2 g/day/kg) was associated with higher risks for oste-
oporosis in non-CKD group, but not in the CKD group. In 
summary, in the CKD group, LPI provided safe renal protec-
tion without threatening L spine bone density (BMD and T 
score) and without increasing the risk of osteoporosis.

Availability of data and materials

The datasets used and/or analyzed during the current study 
are available from the corresponding author upon reasonable 
request.

Author contributions statement

Chia-Lin Lee, Wei-Ju Liu, Ching-Hsien Chen, and Shang-Feng 
Tsai conceived the study. Shang-Feng Tsai and Chia-Lin Lee 
developed the theory and performed computations. Chia-Lin 
Lee, Wei-Ju Liu, and Ching-Hsien Chen verified the analytical 
method. All authors discussed the results and contributed to 
the final manuscript. Shang-Feng Tsai wrote the manuscript 
with input from all the authors. Chia-Lin Lee and Wei-Ju Liu 
conceived the study and were in charge of the overall direc-
tion and planning.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by grants TCVGH-1093605D, 
TCVGH-1097316C, TCVGH-1097327D, TCVGH-1103502C, TCVGH- 
1107305D, TCVGH-1117308C, TCVGH-1117305D, TCVGH- 
1113602C, TCVGH-1113602D, and TCVGH-1103601D from the 
Taichung Veterans General Hospital. 

References

 [1] Kanis JA, McCloskey EV, Johansson H, et  al. European 
guidance for the diagnosis and management of osteo-
porosis in postmenopausal women. Osteoporos Int. 
2013;24(1):1–12. doi: 10.1007/s00198-012-2074-y.

 [2] Bihuniak JD, Insogna KL. The effects of dietary protein and 
amino acids on skeletal metabolism. Mol Cell Endocrinol. 
2015;410:78–86. doi: 10.1016/j.mce.2015.03.024.

 [3] Rizzoli R, Stevenson JC, Bauer JM, et  al. The role of di-
etary protein and vitamin D in maintaining musculo-
skeletal health in postmenopausal women: a consensus 
statement from the European Society for Clinical and 
Economic Aspects of Osteoporosis and Osteoarthritis 
(ESCEO). Maturitas. 2014;79(1):122–132. doi: 10.1016/j.
maturitas.2014.07.005.

 [4] Medicine IO. Dietary reference intakes for energy, car-
bohydrate, fiber, fat, fatty acids, cholesterol, protein, 
and amino acids. Washington (DC): The National 
Academies Press; 2005.

 [5] Bonjour JP. Nutritional disturbance in acid-base balance 
and osteoporosis: a hypothesis that disregards the essen-

tial homeostatic role of the kidney. Br J Nutr. 
2013;110(7):1168–1177. doi: 10.1017/S0007114513000962.

 [6] National Kidney Foundation. K/DOQI clinical practice 
guidelines for chronic kidney disease: evaluation, 
 classification, and stratification. Am J Kidney Dis. 
2002;39(2):S1–S266.

 [7] Levey AS, Stevens LA, Coresh J. Conceptual model of 
CKD: applications and implications. Am J Kidney Dis. 
2009;53(3):S4–S16. doi: 10.1053/j.ajkd.2008.07.048.

 [8] Denic A, Glassock RJ, Rule AD. Single-Nephron glomer-
ular filtration rate in healthy adults. N Engl J Med. 
2017;377(12):1203–1204. doi: 10.1056/NEJMc1709128.

 [9] Brenner BM, Lawler EV, Mackenzie HS. The hyperfiltra-
tion theory: a paradigm shift in nephrology. Kidney Int. 
1996;49(6):1774–1777. doi: 10.1038/ki.1996.265.

 [10] Kalantar-Zadeh K, Fouque D. Nutritional management 
of chronic kidney disease. N Engl J Med. 
2017;377(18):1765–1776. doi: 10.1056/NEJMra1700312.

 [11] Garneata L, Stancu A, Dragomir D, et  al. 
Ketoanalogue-Supplemented vegetarian very low-protein 
diet and CKD progression. J Am Soc Nephrol. 
2016;27(7):2164–2176. doi: 10.1681/ASN.2015040369.

 [12] Taguma Y, Kitamoto Y, Futaki G, et  al. Effect of captopril on 
heavy proteinuria in azotemic diabetics. N Engl J Med. 
1985;313(26):1617–1620. doi: 10.1056/nejm19851226 
3132601.

 [13] Lewis EJ, Hunsicker LG, Bain RP, et  al. The effect of 
angiotensin-converting-enzyme inhibition on diabetic 
nephropathy. The collaborative study group. N Engl J 
Med. 1993;329(20):1456–1462. doi: 10.1056/nejm19931 
1113292004.

 [14] Lewis EJ, Hunsicker LG, Clarke WR, et  al. Renoprotective 
effect of the angiotensin-receptor antagonist irbesartan in 
patients with nephropathy due to type 2 diabetes. N Engl 
J Med. 2001;345(12):851–860. doi: 10.1056/NEJMoa011303.

 [15] Brenner BM, Cooper ME, de Zeeuw D, et  al. Effects of 
losartan on renal and cardiovascular outcomes in pa-
tients with type 2 diabetes and nephropathy. N Engl J 
Med. 2001;345(12):861–869. doi: 10.1056/NEJMoa011161.

 [16] Parving HH, Lehnert H, Bröchner-Mortensen J, et  al. The 
effect of irbesartan on the development of diabetic ne-
phropathy in patients with type 2 diabetes. N Engl J 
Med. 2001;345(12):870–878. doi: 10.1056/NEJMoa011489.

 [17] Ruggenenti P, Fassi A, Ilieva AP, et  al. Preventing micro-
albuminuria in type 2 diabetes. N Engl J Med. 
2004;351(19):1941–1951. doi: 10.1056/NEJMoa042167.

 [18] Erratum. Classification and diagnosis of diabetes. Sec. 
2. In standards of medical care in diabetes-2016. 
Diabetes Care. 2016;39(Suppl. 1):S13–S22. doi: 10.2337/
dc16-er09.

 [19] Heerspink HJL, Parving H-H, Andress DL, et  al. Atrasentan 
and renal events in patients with type 2 diabetes and 
chronic kidney disease (SONAR): a double-blind, ran-
domised, placebo-controlled trial. Lancet. 2019;393(10184): 
1937–1947. doi: 10.1016/s0140-6736(19)30772-x.

 [20] Bakris GL, Agarwal R, Anker SD, et  al. Effect of finere-
none on chronic kidney disease outcomes in type 2 
diabetes. N Engl J Med. 2020;383(23):2219–2229. doi: 
10.1056/NEJMoa2025845.

 [21] Ruilope LM, Agarwal R, Anker SD, et  al. Design and 
baseline characteristics of the finerenone in reducing 
cardiovascular mortality and morbidity in diabetic kid-

https://doi.org/10.1007/s00198-012-2074-y
https://doi.org/10.1016/j.mce.2015.03.024
https://doi.org/10.1016/j.maturitas.2014.07.005
https://doi.org/10.1016/j.maturitas.2014.07.005
https://doi.org/10.1017/S0007114513000962
https://doi.org/10.1053/j.ajkd.2008.07.048
https://doi.org/10.1056/NEJMc1709128
https://doi.org/10.1038/ki.1996.265
https://doi.org/10.1056/NEJMra1700312
https://doi.org/10.1681/ASN.2015040369
https://doi.org/10.1056/nejm19851226
https://doi.org/10.1056/nejm19851226
https://doi.org/10.1056/nejm19931
https://doi.org/10.1056/nejm19931
https://doi.org/10.1056/NEJMoa011303
https://doi.org/10.1056/NEJMoa011161
https://doi.org/10.1056/NEJMoa011489
https://doi.org/10.1056/NEJMoa042167
https://doi.org/10.2337/dc16-er09
https://doi.org/10.2337/dc16-er09
https://doi.org/10.1016/s0140-6736(19)30772-x
https://doi.org/10.1056/NEJMoa2025845


10 C.-L. LEE ET AL.

ney disease trial. Am J Nephrol. 2019;50(5):345–356. doi: 
10.1159/000503712.

 [22] van Baar MJB, van der Aart AB, Hoogenberg K, et  al. The 
incretin pathway as a therapeutic target in diabetic kid-
ney disease: a clinical focus on GLP-1 receptor agonists. 
Ther Adv Endocrinol Metab. 2019;10:2042018819865398. 
2042018819865398 doi: 10.1177/2042018819865398.

 [23] Taal MW, Brenner BM. Predicting initiation and progres-
sion of chronic kidney disease: developing renal risk 
scores. Kidney Int. 2006;70(10):1694–1705. doi: 10.1038/
sj.ki.5001794.

 [24] Kontessis P, Jones S, Dodds R, et  al. Renal, metabolic 
and hormonal responses to ingestion of animal and 
vegetable proteins. Kidney Int. 1990;38(1):136–144. doi: 
10.1038/ki.1990.178.

 [25] Hahn D, Hodson EM, Fouque D. Low protein diets for 
chronic kidney disease in non diabetic adults. Cochrane 
Database Syst Rev. 2006;10(10):CD001892. doi: 
10.1002/14651858.CD001892.pub2.

 [26] Beto JA, Ramirez WE, Bansal VK. Medical nutrition ther-
apy in adults with chronic kidney disease: integrating 
evidence and consensus into practice for the generalist 
registered dietitian nutritionist. J Acad Nutr Diet. 
2014;114(7):1077–1087. doi: 10.1016/j.jand.2013.12.009.

 [27] K/DOQI, National Kidney Foundation. Clinical practice 
guidelines for nutrition in chronic renal failure. Am J 
Kidney Dis. 2000;35(6 Suppl 2):S17–S104. doi: 10.1053/
ajkd.2000.v35.aajkd03517.

 [28] Wu C-H, Yang Y-W, Hung S-C, et  al. Ketoanalogues sup-
plementation decreases dialysis and mortality risk in 
patients with anemic advanced chronic kidney disease. 
PloS One. 2017;12(5):e0176847. doi: 10.1371/journal.
pone.0176847.

 [29] Yen C-L, Tu K-H, Lin M-S, et  al. Does a supplemental 
low-protein diet decrease mortality and adverse events 
after commencing dialysis? A nationwide cohort study. 
Nutrients. 2018;10(8):1035. doi: 10.3390/nu10081035.

 [30] Update, Improving Global Outcomes KDIGO CKD-MBD. 
KDIGO 2017 clinical practice guideline update for the 
diagnosis, evaluation, prevention, and treatment of 
chronic kidney disease-mineral and bone disorder 
(CKD-MBD). Kidney Int Suppl. 2017;7:1–59. doi: 10.1016/j.
kisu.2017.04.001.

 [31] Lee CL, Tsai SF. The impact of protein diet on bone den-
sity in people with/without chronic kidney disease: an 
analysis of the national health and nutrition examina-
tion survey database. Clin Nutr. 2020;39(11):3497–3503. 
doi: 10.1016/j.clnu.2020.03.014.

 [32] Tsuji K, Kitamura M, Chiba K, et  al. Comparison of bone 
microstructures via high-resolution peripheral quantita-
tive computed tomography in patients with different 
stages of chronic kidney disease before and after start-
ing hemodialysis. Rental Fail. 2022;44(1):381–391. doi: 
10.1080/0886022x.2022.2043375.

 [33] Pimentel A, Ureña-Torres P, Zillikens MC, et  al. Fractures 
in patients with CKD-diagnosis, treatment, and preven-
tion: a review by members of the European Calcified 
Tissue Society and the European Renal Association of 
Nephrology Dialysis and Transplantation. Kidney Int. 
2017;92(6):1343–1355. doi: 10.1016/j.kint.2017.07.021.

 [34] Huang J-F, Zheng X-Q, Sun X-L, et  al. Association be-
tween bone mineral density and severity of chronic kid-

ney disease. Int J Endocrinol. 2020;2020;2020:8852690. 
doi: 10.1155/2020/8852690.

 [35] Wolfe RR, Cifelli AM, Kostas G, et  al. Optimizing protein 
intake in adults: interpretation and application of the 
recommended dietary allowance compared with the 
acceptable macronutrient distribution range. Adv Nutr. 
2017;8(2):266–275. doi: 10.3945/an.116.013821.

 [36] Deutz NEP, Bauer JM, Barazzoni R, et  al. Protein intake 
and exercise for optimal muscle function with aging: 
recommendations from the ESPEN expert group. Clin 
Nutr. 2014;33(6):929–936. doi: 10.1016/j.clnu.2014. 
04.007.

 [37] Mitch WE. Dietary protein restriction in chronic renal 
failure: nutritional efficacy, compliance, and progression 
of renal insufficiency. J Am Soc Nephrol. 1991;2(4):823–
831. doi: 10.1681/ASN.V24823.

 [38] Kopple JD, Levey AS, Greene T, et  al. Effect of dietary 
protein restriction on nutritional status in the modifica-
tion of diet in renal disease study. Kidney Int. 
1997;52(3):778–791. doi: 10.1038/ki.1997.395.

 [39] Aparicio M, Chauveau P, Précigout VD, et  al. Nutrition 
and outcome on renal replacement therapy of patients 
with chronic renal failure treated by a supplemented 
very low protein diet. J Am Soc Nephrol. 2000;11(4):708–
716. doi: 10.1681/ASN.V114708.

 [40] Andrassy KM. Comments on ‘KDIGO 2012 clinical prac-
tice guideline for the evaluation and management of 
chronic kidney disease. Kidney Int. 2013;84(3):622–623. 
doi: 10.1038/ki.2013.243.

 [41] Looker AC, Melton LJ, Harris T, et  al. Age, gender, and 
race/ethnic differences in total body and subregional 
bone density. Osteoporos Int. 2009;20(7):1141–1149. 
doi: 10.1007/s00198-008-0809-6.

 [42] Ma Y-C, Zuo L, Chen J-H, et  al. Modified glomerular fil-
tration rate estimating equation for chinese patients 
with chronic kidney disease. J Am Soc Nephrol. 
2006;17(10):2937–2944. doi: 10.1681/ASN.2006040368.

 [43] Rigalleau V, Lasseur C, Raffaitin C, et  al. Glucose control 
influences glomerular filtration rate and its prediction in 
diabetic subjects. Diabetes Care. 2006;29(7):1491–1495. 
doi: 10.2337/dc06-0407.

 [44] Levey AS, Stevens LA, Schmid CH, et  al. A new equation to 
estimate glomerular filtration rate. Ann Intern Med. 
2009;150(9):604–612. doi: 10.7326/0003-4819-150-9- 
200905050-00006.

 [45] Earley A, Miskulin D, Lamb EJ, et  al. Estimating equations 
for glomerular filtration rate in the era of creatinine stan-
dardization: a systematic review. Ann Intern Med. 
2012;156(11):785–795. doi: 10.7326/0003-4819-156-6- 
201203200-00391.

 [46] Stevens LA, Schmid CH, Greene T, et  al. Comparative 
performance of the CKD epidemiology collaboration 
(CKD-EPI) and the modification of diet in renal disease 
(MDRD) study equations for estimating GFR levels 
above 60 mL/min/1.73 m2. Am J Kidney Dis. 
2010;56(3):486–495. doi: 10.1053/j.ajkd.2010.03.026.

 [47] Tsai JW, Cerdeña JP, Goedel WC, et  al. Evaluating the 
impact and rationale of Race-Specific estimations of 
kidney function: estimations from U.S. NHANES, 
2015-2018. EClinicalMedicine. 2021;42:101197. doi: 
10.1016/j.eclinm.2021.101197.

https://doi.org/10.1159/000503712
https://doi.org/10.1177/2042018819865398
https://doi.org/10.1038/sj.ki.5001794
https://doi.org/10.1038/sj.ki.5001794
https://doi.org/10.1038/ki.1990.178
https://doi.org/10.1002/14651858.CD001892.pub2
https://doi.org/10.1016/j.jand.2013.12.009
https://doi.org/10.1053/ajkd.2000.v35.aajkd03517
https://doi.org/10.1053/ajkd.2000.v35.aajkd03517
https://doi.org/10.1371/journal.pone.0176847
https://doi.org/10.1371/journal.pone.0176847
https://doi.org/10.3390/nu10081035
https://doi.org/10.1016/j.kisu.2017.04.001
https://doi.org/10.1016/j.kisu.2017.04.001
https://doi.org/10.1016/j.clnu.2020.03.014
https://doi.org/10.1080/0886022x.2022.2043375
https://doi.org/10.1016/j.kint.2017.07.021
https://doi.org/10.1155/2020/8852690
https://doi.org/10.3945/an.116.013821
https://doi.org/10.1016/j.clnu.2014.
https://doi.org/10.1016/j.clnu.2014.
https://doi.org/10.1681/ASN.V24823
https://doi.org/10.1038/ki.1997.395
https://doi.org/10.1681/ASN.V114708
https://doi.org/10.1038/ki.2013.243
https://doi.org/10.1007/s00198-008-0809-6
https://doi.org/10.1681/ASN.2006040368
https://doi.org/10.2337/dc06-0407
https://doi.org/10.7326/0003-4819-150-9-
https://doi.org/10.7326/0003-4819-150-9-
https://doi.org/10.7326/0003-4819-156-6-
https://doi.org/10.7326/0003-4819-156-6-
https://doi.org/10.1053/j.ajkd.2010.03.026
https://doi.org/10.1016/j.eclinm.2021.101197


RENAL FAILURE 11

 [48] New JP, Middleton RJ, Klebe B, et  al. Assessing the preva-
lence, monitoring and management of chronic kidney dis-
ease in patients with diabetes compared with those with-
out diabetes in general practice. Diabet Med. 
2007;24(4):364–369. doi: 10.1111/j.1464-5491.2007.02075.x.

 [49] Coresh J, Selvin E, Stevens LA, et  al. Prevalence of 
chronic kidney disease in the United States. Jama. 
2007;298(17):2038–2047. doi: 10.1001/jama.298.17.2038.

 [50] Castro AF, Coresh J. CKD surveillance using laboratory 
data from the population-based national health and nu-
trition examination survey (NHANES). Am J Kidney Dis. 
2009;53(3):S46–S55. doi: 10.1053/j.ajkd.2008.07.054.

 [51] Snyder JJ, Foley RN, Collins AJ. Prevalence of CKD in the 
United States: a sensitivity analysis using the national 
health and nutrition examination survey (NHANES) 
1999-2004. Am J Kidney Dis. 2009;53(2):218–228. doi: 
10.1053/j.ajkd.2008.07.034.

 [52] Gregg EW, Sorlie P, Paulose-Ram R, et  al. Prevalence of 
lower-extremity disease in the US adult population 
> =40 years of age with and without diabetes: 1999-2000 
national health and nutrition examination survey. 
Diabetes Care. 2004;27(7):1591–1597. doi: 10.2337/di-
acare.27.7.1591.

 [53] Ostchega Y, Dillon CF, Lindle R, et  al. Isokinetic leg muscle 
strength in older americans and its relationship to a stan-
dardized walk test: data from the national health and nu-
trition examination survey 1999-2000. J Am Geriatr Soc. 
2004;52(6):977–982. doi: 10.1111/j.1532-5415.2004.52268.x.

 [54] Looker AC, Orwoll ES, Johnston CC, et  al. Prevalence of 
low femoral bone density in older U.S. adults from 
NHANES III. J Bone Miner Res. 1997;12(11):1761–1768. 
doi: 10.1359/jbmr.1997.12.11.1761.

 [55] Li S, Zeng M. The association between dietary inflam-
mation index and bone mineral density: results from 
the United States national health and nutrition exam-
ination surveys. Ren Fail. 2023;45(1):2209200. doi: 
10.1080/0886022x.2023.2209200.

 [56] Heaney RP, Layman DK. Amount and type of protein 
influences bone health. Am J Clin Nutr. 2008;87(5):1567s–
1570s. doi: 10.1093/ajcn/87.5.1567S.

 [57] Wallace TC. Optimizing dietary protein for lifelong bone 
health: a paradox unraveled. Nutr Today. 2019;54(3):107–
115. doi: 10.1097/NT.0000000000000340.

 [58] Darling AL, Millward DJ, Torgerson DJ, et  al. Dietary pro-
tein and bone health: a systematic review and 
meta-analysis. Am J Clin Nutr. 2009;90(6):1674–1692. 
doi: 10.3945/ajcn.2009.27799.

 [59] Wu A-M, Sun X-L, Lv Q-B, et  al. The relationship be-
tween dietary protein consumption and risk of fracture: 
a subgroup and dose-response meta-analysis of pro-
spective cohort studies. Sci Rep. 2015;5(1):9151. doi: 
10.1038/srep09151.

 [60] Shams-White MM, Chung M, Du M, et  al. Dietary protein 
and bone health: a systematic review and meta-analysis 
from the national osteoporosis foundation. Am J Clin Nutr. 
2017;105(6):1528–1543. doi: 10.3945/ajcn.116.145110.

 [61] Dawson-Hughes B, Harris SS. Calcium intake influences 
the association of protein intake with rates of bone loss 
in elderly men and women. Am J Clin Nutr. 
2002;75(4):773–779. doi: 10.1093/ajcn/75.4.773.

 [62] Sahni S, Cupples LA, McLean RR, et  al. Protective effect 
of high protein and calcium intake on the risk of hip 

fracture in the framingham offspring cohort. J Bone 
Miner Res. 2010;25(12):2770–2776. doi: 10.1002/jbmr.194.

 [63] Cunningham J, Locatelli F, Rodriguez M. Secondary hy-
perparathyroidism: pathogenesis, disease progression, 
and therapeutic options. Clin J Am Soc Nephrol. 
2011;6(4):913–921. doi: 10.2215/cjn.06040710.

 [64] Kidney Disease: improving Global Outcomes (KDIGO) 
CKD-MBD Work Group. KDIGO clinical practice guideline 
for the diagnosis, evaluation, prevention, and treatment 
of chronic kidney disease-mineral and bone disorder 
(CKD-MBD). Kidney Int Suppl. 2009;53(113):S1–S130. doi: 
10.1038/ki.2009.188.

 [65] National Kidney Foundation. K/DOQI clinical practice 
guidelines for bone metabolism and disease in chronic 
kidney disease. Am J Kidney Dis. 2003;42(4):S1–S201.

 [66] Friedman EA. An introduction to phosphate binders for 
the treatment of hyperphosphatemia in patients with 
chronic kidney disease. Kidney Int Suppl. 2005;68(96):S2–
S6. doi: 10.1111/j.1523-1755.2005.00448.x.

 [67] Fournier A, Morinière P, Ben Hamida F, et  al. Use of al-
kaline calcium salts as phosphate binder in uremic pa-
tients. Kidney Int Suppl. 1992;38:S50–S61.

 [68] Meric F, Yap P, Bia MJ. Etiology of hypercalcemia in hemodi-
alysis patients on calcium carbonate therapy. Am J Kidney 
Dis. 1990;16(5):459–464. doi: 10.1016/s0272-6386(12)80059-x.

 [69] Kurz P, Monier-Faugere MC, Bognar B, et  al. Evidence for 
abnormal calcium homeostasis in patients with ady-
namic bone disease. Kidney Int. 1994;46(3):855–861. 
doi: 10.1038/ki.1994.342.

 [70] Zheng CM, Wu CC, Lu CL. Hypoalbuminemia differently af-
fects the serum bone turnover markers in hemodialysis pa-
tients. Int J Med Sci. 2019;16(12):1583. doi: 10.7150/ijms.39158.

 [71] Warnock DG. Uremic acidosis. Kidney Int. 1988;34(2):278–
287. doi: 10.1038/ki.1988.177.

 [72] Bailey JL. Metabolic acidosis: an unrecognized cause of 
morbidity in the patient with chronic kidney disease. 
Kidney Int Suppl. 2005;68(96):S15–S23. doi: 10.1111/j. 
1523-1755.2005.00450.x.

 [73] Krieger NS, Frick KK, Bushinsky DA. Mechanism of acid-induced 
bone resorption. Curr Opin Nephrol Hypertens. 2004;13(4):423–
436. doi: 10.1097/01.mnh.0000133975.32559.6b.

 [74] Green J, Kleeman CR. Role of bone in regulation of sys-
temic acid-base balance. Kidney Int. 1991;39(1):9–26. 
doi: 10.1038/ki.1991.2.

 [75] Lemann J, Jr., Litzow JR, Lennon EJ. The effects of 
chronic acid loads in normal man: further evidence for 
the participation of bone mineral in the defense against 
chronic metabolic acidosis. J Clin Invest. 
1966;45(10):1608–1614. doi: 10.1172/jci105467.

 [76] Das P, Horton R. Physical activity-time to take it serious-
ly and regularly. Lancet. 2016;388(10051):1254–1255. 
doi: 10.1016/s0140-6736(16)31070-4.

 [77] Chastin SF, Mandrichenko O, Helbostadt JL, et  al. 
Associations between objectively-measured sedentary 
behaviour and physical activity with bone mineral den-
sity in adults and older adults, the NHANES study. Bone. 
2014;64:254–262. doi: 10.1016/j.bone.2014.04.009.

 [78] Lourida I, Boer JMA, Teh R, et  al. Association of daily 
physical activity and sedentary behaviour with protein 
intake patterns in older adults: a Multi-Study analysis 
across five countries. Nutrients. 2021;13(8):2574. doi: 
10.3390/nu13082574.

https://doi.org/10.1111/j.1464-5491.2007.02075.x
https://doi.org/10.1001/jama.298.17.2038
https://doi.org/10.1053/j.ajkd.2008.07.054
https://doi.org/10.1053/j.ajkd.2008.07.034
https://doi.org/10.2337/diacare.27.7.1591
https://doi.org/10.2337/diacare.27.7.1591
https://doi.org/10.1111/j.1532-5415.2004.52268.x
https://doi.org/10.1359/jbmr.1997.12.11.1761
https://doi.org/10.1080/0886022x.2023.2209200
https://doi.org/10.1093/ajcn/87.5.1567S
https://doi.org/10.1097/NT.0000000000000340
https://doi.org/10.3945/ajcn.2009.27799
https://doi.org/10.1038/srep09151
https://doi.org/10.3945/ajcn.116.145110
https://doi.org/10.1093/ajcn/75.4.773
https://doi.org/10.1002/jbmr.194
https://doi.org/10.2215/cjn.06040710
https://doi.org/10.1038/ki.2009.188
https://doi.org/10.1111/j.1523-1755.2005.00448.x
https://doi.org/10.1016/s0272-6386(12)80059-x
https://doi.org/10.1038/ki.1994.342
https://doi.org/10.7150/ijms.39158
https://doi.org/10.1038/ki.1988.177
https://doi.org/10.1111/j.
https://doi.org/10.1111/j.
https://doi.org/10.1097/01.mnh.0000133975.32559.6b
https://doi.org/10.1038/ki.1991.2
https://doi.org/10.1172/jci105467
https://doi.org/10.1016/s0140-6736(16)31070-4
https://doi.org/10.1016/j.bone.2014.04.009
https://doi.org/10.3390/nu13082574

	The association between bone density of lumbar spines and different daily protein intake in different renal function
	ABSTRACT
	Introduction
	Subjects and methods
	Study population and data collection
	National Health and Nutrition Examination survey (NHANES)

	Methods
	Statistical analyses

	Results
	Baseline characteristics of population divided by different protein intake
	Lumbar BMD and T score divided by different protein intake
	Relative risk of osteoporosis in lumbar spines divided by different protein intake
	Relative risk of osteoporosis divided by different protein intake and elderly or not
	Relative risk of osteoporosis divided by different protein intake, calcium, phosphate, and vitamin D

	Discussion
	Conclusion
	Availability of data and materials
	Author contributions statement
	Disclosure statement
	Funding
	References





