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Abstract

Background: Calcium is an essential dietary element and the most abundant mineral in the human body; moreover, calcium is critical
for health. Nonetheless, a significant proportion of Chinese adults fail to meet dietary calcium recommendations. Therefore, this study
aimed to assess the associations between sufficient calcium intake, functional ability, and healthcare costs among older adults in China.
Methods: Nationwide panel data from the China Health and Nutrition Survey (CHNS) were analyzed for 3127 adults aged ≥55 years
from 219 communities across nine provinces. Dietary intake was measured using three consecutive 24-hour recalls, and calcium intake
was calculated using the Chinese Food Composition Tables. Calcium sufficiency was defined as an intake of ≥800 mg/day, based on
the 2023 Dietary Reference Intake for China. Functional ability was assessed using the Lawton–Brody Instrumental Activities of Daily
Living (IADL) index. Fixed-effects linear regression models were used to evaluate associations with functional ability and healthcare
costs. Results: Only 30.5% of participants met the recommended calcium intake, with a mean intake of 689 mg/day. Calcium sufficiency
was associated with a 0.09-point higher overall IADL score (p < 0.01), with stronger associations among adults aged ≥65 years (0.29; p
< 0.001), women (0.17; p < 0.001), non-married individuals (0.38; p < 0.001), those with an elementary school education or less (0.14;
p = 0.02), and individuals with chronic conditions (0.28; p < 0.001). Calcium sufficiency was also associated with a 7.8% reduction
in four-week healthcare expenditures (Chinese Yuan [CNY] 8.77 or US Dollar [USD] 1.25), corresponding to approximately CNY 114
(USD 16.3) in annual savings. Stronger associations with healthcare expenditures were observed among socioeconomically and health-
vulnerable subgroups. Conclusions: Calcium intake insufficiency is widespread among older adults in China and is associated with lower
functional ability and higher healthcare costs. Meanwhile, improving calcium intake is associated with meaningful gains in functional
independence and lower healthcare expenditures, particularly among vulnerable populations.
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1. Introduction
Calcium intake is essential for maintaining overall

health and supporting essential bodily functions [1]. As the
primary mineral in bones and teeth, calcium is critical for
maintaining strength and density [2], playing a pivotal role
in preventing osteoporosis and fractures [3,4], particularly
among older adults [4]. Beyond its contributions to skele-
tal health, calcium also supports vital physiological pro-
cesses, including muscle contraction, nerve transmission,
blood clotting, and cardiovascular function [5]. Further-
more, adequate calcium intake has been linked to the regu-
lation of blood pressure and may reduce the risk of chronic
diseases, such as hypertension and certain cancers, under-
scoring its broader health significance [6].

Independence in Instrumental Activities of Daily Liv-
ing (IADLs) is a crucial indicator of an individual’s ability
to live self-sufficiently and maintain quality of life [7,8].
IADLs include tasks such as managing finances, handling
medications, preparing meals, and completing household
chores, all of which require a combination of physical and

cognitive functioning [9,10]. Declines in IADL perfor-
mance often signal early functional impairments, enabling
healthcare providers to identify individuals at risk of de-
pendency, falls, or hospitalizations [11]. Understanding
the factors associated with IADL performance is essential
for developing interventions that promote aging-in-place,
thereby reducing the financial burden associated with long-
term care and improving the quality of life for older adults.

Research on calcium intake and IADLs remains lim-
ited. To our knowledge, only one study has examined the
association between calcium intake and impaired activities
of daily living (ADL) [12]. ADL reflects basic self-care
tasks such as feeding, dressing, bathing, toileting, and in-
door walking. Unlike ADLs, IADLs capture earlier and
more subtle functional limitations, exhibit greater variation
in community-dwelling populations, and are more closely
associated with healthcare utilization, caregiving needs,
and loss of independent living. This makes IADLs particu-
larly relevant for analyses of functional ability and health-
care costs. The earlier study, conducted in Japan, found an
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inverse association between calcium intake and ADL im-
pairment ten years after baseline [12]. A related study in
South Korea reported that frequent consumption of milk
and dairy products was inversely associated with IADL dis-
ability among older men [13]. However, the role of calcium
cannot be isolated given the presence of multiple nutrients
in dairy products. To date, no study has directly examined
the association between calcium intake and IADLs, nor has
the literature explored how calcium intake relates to health-
care costs through functional ability.

Analysis of the association between calcium intake
and IADLs is particularly urgent in China due to the
rapidly aging population and high prevalence of osteoporo-
sis [14,15]. With more than 20% of the population expected
to be over 60 years old by 2035 [16], age-related functional
impairments such as IADL limitations pose a significant
public health concern [17]. Furthermore, dietary calcium
intake in China remains below global standards [18]. Inves-
tigating this relationship can guide public health initiatives
(e.g., dietary education, supplementation programs) to im-
prove bone health, independence, and support healthy aging
in China [19,20].

The economic implications of calcium intake further
highlight its importance. Conditions such as osteoporosis
and fractures, which calcium intake helps prevent, are sig-
nificant contributors to healthcare costs, particularly in ag-
ing societies [21,22]. Ensuring sufficient calcium intake
may reduce the incidence of these conditions, thereby im-
proving IADL performance and mitigating healthcare ex-
penditures related to medical treatments, hospitalizations,
and long-term care [23,24,25]. Exploring the relationship
between calcium intake, functional ability, and healthcare
costs can inform public health policies and strategies to
enhance nutritional interventions and reduce the economic
burden on healthcare systems. The aim of this study was
therefore to evaluate the associations between calcium in-
take sufficiency, functional ability, and healthcare costs,
thus providing critical insights for improving public health
outcomes.

2. Method
2.1 Study Population

This analysis utilized data from the China Health and
Nutrition Survey (CHNS) (accessible via https://chns.cpc.u
nc.edu/), a nationwide prospective cohort study conducted
between 1989 and 2022. The CHNS collected compre-
hensive information on nutrition, health behaviors, socioe-
conomic factors, and health outcomes. Participants were
recruited using a multistage randomized sampling method
from 15 provinces and municipal cities in China. All par-
ticipants provided written informed consent, and the study
was approved by institutional review boards at both theUni-
versity of North Carolina at Chapel Hill (UNC-CH) and the
Chinese Center for Disease Control and Prevention (CDC).

Our analysis draws on data from the 2004 and 2006
waves, the only survey years in which information on
IADLs was collected. The initial sample comprised 5815
adult-year observations. We excluded 1361 observations
with missing key control variables (see Table 1 for details)
and an additional 25 observations due to age reporting er-
rors, as IADL questions were administered only to adults
aged 55 years and older. The final analytic sample includes
3127 adults from 219 communities across nine provinces in
China, yielding a total of 4429 adult-year observations.

2.2 Measurement of Calcium Intake Sufficiency

The CHNS collected individual dietary data over three
consecutive, randomly assigned days using 24-hour recalls.
These were cross-validated with household food inven-
tory data. Household food inventories were constructed
by trained nutritionists weighing all food items, including
purchases, home-produced foods, and waste. The records
were reconciled with individual recalls to ensure internal
consistency, and any discrepancies were verified through
follow-up visits. All field staff were trained nutritionists
with prior experience in national dietary surveys. Nutrient
intakes were calculated using updated Chinese Food Com-
position Tables developed collaboratively by UNC-CH and
the Chinese National Institute of Nutrition and Food Safety
[26,27]. The study used the recommended nutrient intake
(RNI) for calcium from the 2023 Dietary Reference Intake
for China as the lower bound (daily calcium intake ≥800
mg). If a respondent’s intake of calcium intake equaled or
exceeded the lower bound, their calcium intake was con-
sidered to be sufficient for the individual (calcium intake
sufficiency = 1, 0 otherwise).

Calcium intake was measured using a binary indica-
tor of sufficiency rather than modeling intake as a continu-
ous variable or in quantiles. This approach aligns the expo-
sure with established nutritional guidelines and emphasizes
adequacy versus inadequacy, which is more interpretable
and policy-relevant than marginal differences [28]. Mod-
eling calcium intake continuously or in quantiles implicitly
assumes a linear or monotonic association with functional
outcomes. Such an assumption that is unlikely given evi-
dence of threshold effects in micronutrient adequacy [28].
Moreover, dietary recall data are subject to substantial mea-
surement error and day-to-day variation, which can attenu-
ate associations when intake is modeled continuously. On
the other hand, dichotomizing at an established cutoff re-
duces noise from minor reporting differences around simi-
lar intake levels [29]. Using a sufficiency-based measure
therefore improves interpretability, comparability across
studies, and robustness in analyses linking calcium intake
to functional ability and healthcare costs.

2.3 Assessment of Functional Ability and Healthcare Costs

This study evaluated the functional ability of older
adults using the Lawton-Brody Index of IADL, a widely
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Table 1. Characteristics of adults with sufficient and insufficient calcium intake.
Variables Deficient calcium intake

(n = 3077)
Sufficient calcium intake

(n = 1352)
p-value

Calcium intake (mg/day) 468 ± 181 1,191 ± 462 <0.001
Lawton-Brody index of independence in instrumental
activities of daily living (IADL), mean ± SD

4.6 ± 1.0 4.8 ± 0.7 <0.001

Age, mean ± SD 65.5 ± 8.1 64.6 ± 7.3 <0.001
Number of chronic diseases, mean ± SD 0 [0, 0] 0 [0, 1] <0.001
Male, n (%) 1375 (45%) 641 (47%) 0.09
Han ethnicity, n (%) 2582 (84%) 1242 (92%) <0.001
Rural Hukou, n (%) 1857 (60%) 572 (42%) <0.001
Residence, n (%) <0.001

City 295 (10%) 207 (15%)
Suburban 651 (21%) 434 (32%)
Town or county capital 487 (16%) 208 (15%)
Rural village 1644 (53%) 503 (37%)

Married, n (%) 2372 (77%) 1115 (82%) <0.001
Education, n (%) <0.001

Elementary school 2420 (79%) 880 (65%)
Middle school 443 (14%) 278 (21%)
High school and above 214 (7%) 194 (14%)

Medical insurance, n (%) <0.001
NRCMS 510 (17%) 254 (19%)
Other insurance 541 (18%) 482 (36%)
No insurance 2026 (66%) 616 (46%)

Alcohol drinking, n (%) 0.02
None 2254 (73%) 936 (69%)
Light 167 (5%) 91 (7%)
Moderate 162 (5%) 78 (6%)
Heavy 494 (16%) 247 (18%)

Smoking, n (%) 0.50
Current 820 (27%) 368 (27%)
Former 191 (6%) 95 (7%)
Never 2066 (67%) 889 (66%)

BMI status, n (%) <0.001
Underweight 292 (9%) 79 (6%)
Normal 1704 (55%) 662 (49%)
Overweight 824 (27%) 456 (34%)
Obese 257 (8%) 155 (11%)

Daily energy intake (kcal/day) 2191 ± 771 2942 ± 758 <0.001
Notes: NRCMS, New Rural Cooperative Medical Scheme; BMI, Body Mass Index; SD, standard deviation. Continuous variables are
presented as means ± standard deviation (SD) while categorical variables are presented as numbers (%). The number of chronic diseases
is presented as median [IQR]. The p values were calculated using the chi-squared test for categorical variables or the t-test for continuous
variables. Mann–Whitney U test was performed to compare the number of chronic diseases between groups.

used tool for assessing independence in performing in-
strumental daily tasks [20,30]. The IADL index includes
eight activities: cooking, grocery shopping, making phone
calls, managing finances, using transportation, housekeep-
ing, medication management, and laundry. However, due
to limitations in the CHNS dataset, information on house-
keeping, medication management, and laundry was not col-
lected. As a result, this study focused on the first five ac-
tivities to assess participants’ self-care abilities and func-
tional independence . The IADL index was scored based

on levels of difficulty: no difficulty (1 point), difficulty
but able to complete the task independently (1 point), re-
quiring assistance (0 points), and inability to complete the
task (0 points). The total score ranged from 0 to 5, with
higher scores indicating greater independence in perform-
ing instrumental daily activities.

We assign the same score to “no difficulty” and “dif-
ficulty but able to complete independently” because the
IADL index is intended to measure functional indepen-
dence rather than perceived task difficulty. Consistent with
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the original IADL framework, the key distinction is whether
an individual can perform an activity without assistance,
as dependence or inability represents a meaningful thresh-
old for disability, loss of independent living, and health-
care needs [20]. Collapsing the difficulty levels also re-
duces subjectivity in self-reported difficulty and improves
comparability across individuals and survey waves, a com-
mon practice in population-based studies of functional sta-
tus [31].

Healthcare costs were measured as the sum of inpa-
tient and outpatient expenses incurred by participants dur-
ing the four weeks preceding the data collection period.

2.4 Confounders

This study incorporated covariates commonly associ-
ated with functional ability and healthcare costs, as identi-
fied in the literature [19,32,33]. These variables, available
in the CHNS database, included demographic, socioeco-
nomic, behavioral, and health-related factors. Specifically,
the control variables included demographic characteristics
(age, sex, ethnicity, marital status, and place of residence),
socioeconomic indicators (Hukou status and highest level
of education attained), behavioral variables (alcohol con-
sumption frequency and smoking status), health conditions
(Body Mass Index [BMI] and number of chronic diseases),
types of medical insurance and daily energy intake.

Health insurance status was classified into three cat-
egories: New Rural Cooperative Medical Scheme (NR-
CMS), other types of insurance, and no insurance. NR-
CMS is a government-subsidized health insurance program
for rural residents in China and generally provides less
coverage and lower reimbursement rates than urban insur-
ance schemes. Other types of insurance primarily include
employer-sponsored and government-sponsored urban in-
surance programs, which are concentrated among urban
residents and offer more comprehensive benefits. We con-
trol for insurance type to account for differences in health-
care access and reimbursement levels across insurance sys-
tems.

Alcohol consumption was categorized as none, light
drinking (once or twice per month), moderate drinking
(once or twice per week), and heavy drinking (three or
more times per week). BMI was classified into four cat-
egories: underweight (<18.5), normal weight (18.5–24),
overweight (24–28), and obese (≥28). China’s BMI cat-
egories have lower thresholds for overweight and obesity
compared to WHO standards (≥25 for overweight and ≥30
for obesity) due to the higher body fat percentage of Asians
and increased risk of chronic diseases at lower BMI lev-
els [34]. These adjusted cutoffs reflect population-specific
health data, genetic predispositions, and cultural factors, al-
lowing formore accurate identification of individuals at risk
in China [34].

The Hukou system, introduced in China during the
1950s, is a household registration system that classifies in-

dividuals as rural or urban residents based on their birth-
place. This system has a profound impact on access to edu-
cation, healthcare, and housing [35,36]. UrbanHukou hold-
ers typically enjoy better public services and job opportu-
nities, while rural Hukou holders face significant barriers,
even when living in cities, perpetuating socioeconomic in-
equalities [37]. Although recent reforms have aimed to re-
duce these disparities, the Hukou system continues to shape
China’s social and economic landscape [38].

Ethnicity was included as a covariate to account for its
potential influence on calcium intake and related outcomes.
Cultural dietary practices and healthcare access disparities
tied to ethnicity can significantly affect calcium intake lev-
els and functional or health outcomes. CHNS categorized
participants as Han (the majority ethnicity) or various mi-
nority groups, including Mongolian, Hui, Tibetan, Uygur,
Miao, Yi and others.

2.5 Statistics

For summary statistics, continuous variables are re-
ported as means ± standard deviation (SD), and categor-
ical variables as counts and percentages. p values were
calculated using chi-squared tests for categorical variables,
Mann–Whitney U test for count of chronic disease, t-tests
for continuous variables, comparing calcium-sufficient and
calcium-deficient observations.

Associations between calcium intake sufficiency and
functional ability were examined using fixed-effects linear
regression models that included province and year fixed ef-
fects. Province fixed effects accounted for time-invariant
regional characteristics, including baseline health condi-
tions, healthcare infrastructure, dietary patterns, and so-
cioeconomic environments, while year fixed effects cap-
tured common temporal shocks and national trends. Al-
though the IADL index is ordinal, linear models were used
because functional limitation indices are commonly ana-
lyzed as quasi-continuous measures, and linear estimates
approximate average marginal associations from ordered
response models when outcomes have multiple categories
[39,40]. The analytical focus was on average differences
in functional ability associated with calcium intake suf-
ficiency rather than category-specific probabilities. Lin-
ear fixed-effects models also avoid the additional assump-
tions and potential incidental-parameters bias associated
with nonlinear fixed-effects estimators in short panels [41].

Associations between functional ability and health-
care expenditures were examined using fixed-effects lin-
ear regression models with province and year fixed effects.
Healthcare costs were modeled using ordinary least squares
despite the presence of zero expenditures, as the objective
was to estimate differences in total expected expenditures
rather than utilization conditional on any use [41]. In this
context, zero expenditures were interpreted as reflecting
low utilization during the observation window rather than
a distinct participation decision. Linear fixed-effects mod-
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els provided a parsimonious and interpretable framework
while avoiding additional assumptions and small-sample
concerns associated with nonlinear two-part models with
fixed effects [41].

Lastly, the association between calcium intake suf-
ficiency and healthcare costs operating through func-
tional ability (IADL) was summarized using a product-of-
coefficients approach. Specifically, the estimated coeffi-
cient on calcium intake sufficiency from the IADL regres-
sion was multiplied by the estimated coefficient on IADL
from the healthcare costs regression. This approach char-
acterized the indirect association between calcium intake
sufficiency and healthcare expenditures through functional
status and is commonly used in the mediation and health
economics literature when linear models are estimated sep-
arately [42,43,44]. Decomposition in this manner provided
a transparent summary of the extent to which differences
in functional ability were associated with differences in
healthcare costs across calcium intake sufficiency groups.

All regression models were adjusted for the con-
founders outlined in the previous section. Stratified (effect-
modification) analyses were conducted by including inter-
action terms between calcium sufficiency and modifiers in
the IADL regressions, where modifiers were specified us-
ing the same set of covariates as in the main models. In ad-
dition, interaction terms between IADL and the same mod-
ifiers were included in the healthcare costs regressions to
allow the association between functional status and health-
care expenditures to vary across subgroups. This unified
interaction-based approach enables consistent assessment
of heterogeneity along both the calcium–IADL and IADL–
cost pathways.

Statistical significance was assessed using two-sided
t-tests, with a p-value of <0.05 considered statistically sig-
nificant. All analyses were conducted using Stata MP 16.0
(StataCorp LLC, College Station, TX, USA). This study
utilizes publicly available secondary data, which does not
require ethical approval or informed consent.

3. Results
3.1 Basic Characteristics of Subjects by Calcium Intake
Sufficiency

Table 1 compares baseline characteristics according
to calcium intake sufficiency, highlighting the persistently
low level of calcium intake among older adults in China.
Only 30.5% of participants met the recommended thresh-
old for calcium sufficiency. Moreover, the average dietary
calcium intake of 689 mg/day was well below the recom-
mended level of 800 mg/day.

Individuals with sufficient calcium intake consumed
substantially more calcium (1191 vs. 468 mg/day) and had
higher total energy intake (2942 vs. 2191 kcal/day) than
those with insufficient intake. Calcium-sufficient partici-
pants also exhibited higher functional ability, as reflected
by a higher mean IADL index (4.8 vs. 4.6), and were

slightly younger on average (64.6 vs. 65.5 years). All dif-
ferences were statistically significant (p < 0.001).

Socio-demographic characteristics differed signifi-
cantly between the two groups. Calcium-sufficient indi-
viduals were more likely to be of Han ethnicity (92% vs.
84%), married (82% vs. 77%), hold an urban Hukou (58%
vs. 40%), and reside in urban (15% vs. 10%) or suburban
areas (32% vs. 21%) compared to calcium-insufficient indi-
viduals (all p < 0.001). Educational attainment was higher
in the calcium-sufficient group, with a greater share com-
pleting high school or higher education (14% vs. 7%; p <
0.001). Calcium-sufficient group was also more likely to
be covered by other types of insurance (36% vs. 18%; p <
0.001).

Lifestyle and health characteristics varied according to
calcium intake status, with calcium-sufficient participants
more likely to be heavy drinkers (18% vs. 16%), over-
weight (34% vs. 27%), or obese (11% vs. 8%) compared
to their calcium-deficient counterparts (all p < 0.02).

3.2 Association Between Calcium Intake Sufficiency and
Functional Ability

Fig. 1 displays the coefficient estimates and 95% con-
fidence intervals (CIs) from fixed-effects linear regression
models examining the association between calcium intake
sufficiency and the IADL score across selected individual
characteristics. Overall, calcium intake sufficiency was as-
sociated with a 0.09-point higher IADL score (p = 0.003).
This association was stronger among adults aged 65 years
and older (0.29 vs. –0.07; p< 0.001), women (0.17 vs. 0.01;
p < 0.001), and non-married individuals (0.38 vs. 0.02; p
< 0.001). The positive association between calcium suf-
ficiency and functional ability was also more pronounced
among participants with elementary school as their highest
level of education (0.14 vs. –0.01; p = 0.02), never con-
sumed alcohol (0.14 vs. –0.01; p = 0.02), never smoked
(0.14 vs. 0.003; p = 0.02), reported chronic disease (0.28
vs. 0.03; p < 0.001), and had daily energy intake below the
sample median of 2350 kcal (0.18 vs. 0.05; p = 0.02) when
compared to their respective counterparts.

3.3 Association Between Functional Ability and
Healthcare Costs

Fig. 2 summarizes the association between IADL
score and healthcare expenditures. Overall, a one-point in-
crease in the IADL score was associated with a reduction of
97.49 yuan in healthcare spending over the preceding four
weeks (p < 0.001). For reference, one U.S. dollar is approx-
imately equivalent to seven Chinese yuan.

The magnitude of the cost-reducing association var-
ied across subgroups. A one-point increase in IADL was
associated with larger reductions in healthcare costs among
younger adults than older adults (–126.3 vs. –98.06 yuan;
p = 0.004). Similarly, stronger associations were observed
among individuals of urban Hukou holders (–137.47 vs. –
61.68 yuan; p = 0.01), residents of cities, suburbs, or town-
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Fig. 1. Stratified estimates for the associations between sufficient calcium intake and independence in Instrumental Activities
of Daily Living (IADL). Notes : NRCMS, New Rural Cooperative Medical Scheme; BMI, Body Mass Index. The figure reports
coefficient estimates and 95% confidence intervals (CIs) from fixed-effects linear regression models of the IADL index on calcium intake
sufficiency interacted with individual characteristics. p-values correspond to the interaction terms and indicate whether the association
between calcium sufficiency and IADL differs across subgroups. All regressions adjust for age, sex, Han ethnicity, rural Hukou status,
residence type, marital status, education, medical insurance type, drinking status, smoking status, BMI category, presence of chronic
diseases, and daily energy intake.

ships (–136.01 vs. –45.30 yuan; p = 0.003), married indi-
viduals (–146.37 vs. –36.64 yuan; p < 0.001), insured in-
dividuals (–152.73 vs. –74.53 yuan; p = 0.02), and those

who never consumed alcohol (–116.40 vs. –13.08 yuan; p
= 0.01), compared to their respective counterparts.
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By contrast, we found no evidence that the associa-
tion between IADL score and healthcare costs differed by
sex, educational attainment, smoking status, BMI category,
health status as measured by the presence of chronic dis-
eases, or daily energy intake.

3.4 Association Between Calcium Intake Sufficiency and
Healthcare Costs

Table 2 summarizes the differences in healthcare
costs changes associatedwith calcium sufficiency operating
through functional ability (IADL). These estimates were
derived using a product-of-coefficients approach, multiply-
ing the coefficient on calcium sufficiency from the IADL
regression (Fig. 1; Column 2 of Table 2) by the coefficient
on IADL from the healthcare costs regression (Fig. 2; Col-
umn 1 of Table 2). To facilitate interpretation, the result-
ing estimates were scaled by the sample-average healthcare
costs, and differences were reported as a percentage.

Overall, calcium sufficiency was associated with a re-
duction of 8.77 yuan in healthcare spending over the pre-
ceding four weeks through improvement in IADL, relative
to an average four-week healthcare costs of 112.22 yuan in
the sample. This corresponds to a 7.8% reduction in health-
care expenditures during the 2004–2006 survey period. As
a back-of-the-envelope calculation, this four-week reduc-
tion is annualized by multiplying the estimated savings by
13 (13 four-week periods per year), yielding approximately
114.01 yuan in annual healthcare costs savings if similar
effects persist throughout the year.

The reduction in healthcare costs associated with cal-
cium sufficiency was more pronounced among older adults
(–20.94% vs. 9.72%), women (–14.42% vs. –0.88%),
non-married individuals (–20.46% vs. –2.36%), individ-
uals of Han ethnicity (–9.50% vs. 1.22%), and those with
only an elementary school education (–12.16% vs. 0.45%).
Larger cost reductions were also observed among partici-
pants who never consumed alcohol (–13.15% vs. 0.16%),
never smoked (–12.14% vs. –0.24%), reported chronic dis-
eases (–9.77% vs. –4.42%), and had daily energy intake be-
low the sample median (–19.33% vs. –3.55%) when com-
pared to their respective counterparts.

4. Discussion
Our findings highlight persistently low calcium in-

take among older adults in China. In our sample, only
30.5% of adults met the Chinese Recommended Nutrient
Intake (RNI) for calcium (800 mg/day), with an average
intake of 689 mg/day. By comparison, recommended in-
takes are higher in Western countries. For example, the
Recommended Dietary Allowance (RDA) in the United
States is 1000 mg/day for men aged 51–70 years and 1200
mg/day for women aged ≥51 years and all individuals
aged ≥71 years, while European recommendations gener-
ally range from 950 to 1200 mg/day [45]. Consistent with
these guidelines, average calcium intake in North America

and most European countries typically exceeds 900–1000
mg/day, whereas intake in many Asian countries, includ-
ing China, remains substantially lower [46]. These cross-
country differences largely reflect longstanding variation
in dietary patterns, particularly lower dairy consumption in
China [46]. In the context of rapid population aging, such
widespread calcium insufficiency may have important im-
plications for functional independence, healthcare utiliza-
tion, and long-term economic burden.

Consistent with this concern, calcium intake suffi-
ciency was positively associated with functional ability, as
measured by independence in IADLs. Calcium sufficiency
emerged as an independent protective factor and was as-
sociated with a 0.09-point higher IADL score, indicating
greater functional ability among calcium-sufficient adults
relative to their calcium-deficient counterparts. These re-
sults align with previous research affirming the significant
role of calcium in supporting physical function and reduc-
ing disability risks [12]. Moreover, calcium sufficiency
was linked to lower healthcare costs, with annual health-
care expenses being 114.01 yuan (7.8%) lower for calcium-
sufficient individuals. These economic benefits demon-
strate the potential for substantial cost savings at both the
individual and societal levels, presenting a valuable oppor-
tunity for improving health outcomes and reducing health-
care expenditures in China.

The biological mechanisms underlying the association
between calcium intake sufficiency and functional ability
remain to be fully elucidated. Calcium plays a central role
in bone mineralization, slows bone loss [47], and strength-
ens skeletal structures, which collectively reduce fracture
risk and enhance mobility [48]. Additionally, calcium sup-
ports neuromuscular function by facilitating muscle con-
traction and nerve signaling, thereby improving coordina-
tion, balance, and overall physical performance [48,49].
These physiological effects likely contribute to the main-
tenance of independence in daily activities, the prevention
of falls, and the enhancement of functional well-being in
calcium-sufficient individuals.

The stronger associations observed between calcium
intake sufficiency and functional ability observed among
older adults, women, individuals with elementary school
education, and those with chronic diseases carry significant
implications. Our findings suggest that targeted efforts to
improve calcium intake could particularly benefit these vul-
nerable groups, who are at higher risk of functional decline
due to health disparities and limited access to resources. For
example, older adults and individuals with chronic diseases
may experience improved mobility and reduced disability
risks with adequate calcium intake. Similarly, address-
ing calcium insufficiency among less-educated populations
could help reduce health inequalities and improve quality
of life by supporting functional independence [50,51].

The association between calcium intake sufficiency
and healthcare costs was more pronounced among older
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Fig. 2. Stratified estimates for the associations between IADL score and healthcare costs. Notes : NRCMS, New Rural Cooperative
Medical Scheme; BMI, BodyMass Index. The figure reports coefficient estimates and 95% confidence intervals from fixed-effects linear
regressionmodels of the healthcare costs on IADL scores, interactedwith individual characteristics. p-values correspond to the interaction
terms and indicate whether the association between IADL and healthcare costs differs across subgroups. All regressions are adjusted for
age, sex, Han ethnicity, rural Hukou status, residence type, marital status, education, medical insurance type, drinking status, smoking
status, BMI category, presence of chronic disease, and daily energy intake.
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Table 2. Stratified estimates for the associations between sufficient calcium intake and healthcare costs (n = 4429).

Variables Healthcare Costs IADL Healthcare Costs
Change Associated

with Calcium
Sufficiency (Yuan)

Sample Average
Healthcare Costs

(Yuan)

Healthcare Costs
Change Associated

with Calcium
Sufficiency (%)

Overall –97.49 0.09 –8.77 112.22 –7.82%

Age p = 0.004 p < 0.001

Older Adults (age ≥65) –98.06 0.29 –28.44 135.82 –20.94%

Younger Adults (age 55–
64)

–126.27 –0.07 8.84 90.99 9.72%

Sex p = 0.78 p < 0.001

Male –91.83 0.01 –0.92 104.61 –0.88%

Female –100.56 0.17 –17.10 118.57 –14.42%

Ethnicity p = 0.05 p = 0.14

Han ethnicity –100.69 0.11 –11.08 116.58 –9.50%

Non–Han ethnicity –34.42 –0.03 1.03 84.62 1.22%

Hukou p = 0.01 p = 0.83

Rural Hukou –61.68 0.10 –6.17 71.46 –8.64%

Urban Hukou –137.47 0.09 –12.37 161.71 –7.65%

Residence p = 0.003 p = 0.87

City, suburbs and towns –136.01 0.10 –13.60 163.58 –8.31%

Rural village –45.30 0.09 –4.08 57.63 –7.08%

Marital status p < 0.001 p < 0.001

Non–Married –36.64 0.38 –13.92 68.06 –20.46%

Married –146.37 0.02 –2.93 124.15 –2.36%

Education p = 0.32 p = 0.02

Elementary school –101.66 0.14 –14.23 116.98 –12.16%

Middle school and above –44.34 –0.01 0.44 98.29 0.45%

Medical insurance p = 0.02 p = 0.08

NRCMS and other insur-
ance

–152.73 0.10 –15.27 137.44 –11.11%

No insurance –74.53 0.14 –10.43 95.15 –10.96%

Alcohol drinking p = 0.01 p = 0.02

None –116.4 0.14 –16.30 123.91 –13.15%

Light, moderate or heavy –13.08 –0.01 0.13 82.12 0.16%

Smoking p = 0.39 p = 0.02

Former or currently
smoking

–75.80 0.003 –0.23 94.40 –0.24%

Never smoking –105.01 0.14 –14.70 121.11 –12.14%

BMI status p = 0.60/0.08 p = 0.39/0.06

Underweight –29.87 0.27 –8.06 107.15 –7.52%

Overweight or obese –122.83 0.11 –13.51 155.10 –8.71%

Normal –104.47 0.06 –6.27 82.35 –7.61%

Health status p = 0.81 p < 0.001

Having chronic diseases –95.25 0.28 –26.67 273.12 –9.77%

Not having chronic dis-
eases

–99.23 0.03 –2.98 67.45 –4.42%
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Table 2. Continued.
Variables Healthcare Costs IADL Healthcare Costs

Change Associated
with Calcium

Sufficiency (Yuan)

Sample Average
Healthcare Costs

(Yuan)

Healthcare Costs
Change Associated

with Calcium
Sufficiency (%)

Energy intake p = 0.58 p = 0.02
Energy intake < sample
median (2350 kcal/day)

–99.10 0.18 –17.84 92.34 –19.33%

Energy intake > sample
median (2350 kcal/day)

–93.83 0.05 –4.69 132.12 –3.55%

Notes: NRCMS, New Rural Cooperative Medical Scheme; BMI, Body Mass Index. This table reports the changes in healthcare costs
associated with calcium sufficiency operating through functional ability (IADL) in Column 3. Estimates are obtained using a product-
of-coefficients approach, calculated by multiplying the coefficient on calcium sufficiency from the IADL regression (Fig. 1; Table 2,
Column 2) by the coefficient on IADL from the healthcare costs regression (Fig. 2; Table 2, Column 1). The resulting estimates are
scaled by the sample-average healthcare costs (Column 4) and reported as percentage changes in Column 5. All regressions adjusted
for age, sex, Han ethnicity, rural Hukou status, residence type, marital status, education, medical insurance type, drinking status,
smoking status, BMI category, presence of chronic diseases, and daily energy intake. p-values were calculated using t-tests to assess
differences in IADL and healthcare costs across subgroups. For BMI status, these p-values correspond to comparisons of underweight
and overweight/obese groups with the normal-weight reference group.

adults, women, non-married individuals, individuals of Han
ethnicity, and those with only an elementary school educa-
tion. Larger cost reductions were also observed among par-
ticipants who never consumed alcohol, never smoked, re-
ported chronic diseases, and had daily energy intake below
the sample median. These patterns are consistent with prior
evidence showing that older adults, women, and socioeco-
nomically disadvantaged groups face higher risks of mus-
culoskeletal decline, disability, and healthcare utilization,
making themmore responsive to improvements inmicronu-
trient adequacy [49,52]. Individuals with chronic condi-
tions and lower overall energy intake may also have poorer
baseline nutritional status, amplifying the marginal bene-
fits associated with calcium sufficiency [53,54]. Together,
these findings suggest that the economic benefits associated
with calcium sufficiency may be concentrated among more
vulnerable subpopulations, underscoring the potential value
of targeted nutritional strategies for reducing functional de-
cline and healthcare costs in aging populations.

This study also highlights the importance of address-
ing calcium intake insufficiency to support functional abil-
ity and manage healthcare costs. Practical interventions
such as routine calcium deficiency screenings, targeted sup-
plementation, and educational programs for patients and
caregivers could help bridge the nutritional gap [55,56].
Policymakers might consider integrating these strategies
into public health initiatives, including community health
programs and primary care services, to improve accessi-
bility and equity [57]. Additionally, subsidies for calcium
supplements and culturally tailored educational campaigns
could enhance the reach and impact of such interventions,
particularly among vulnerable groups like the elderly pop-
ulation.

Despite its contributions, this study has several limi-
tations. First, dietary intake is self-reported and therefore
subject to measurement error and potential underreport-
ing. Data constraints also preclude strong causal inference
regarding the relationships between calcium intake suffi-
ciency, functional ability, and healthcare costs. Calcium
adequacy is closely linked to overall dietary patterns and
correlated with the intake of other nutrients. Although we
adjusted for daily energy intake to account for differences
in total food consumption, we cannot fully isolate the inde-
pendent association of calcium from broader dietary quality
or correlated micronutrient adequacy. In addition, the anal-
ysis relies on two survey waves from 2004 and 2006, thus
limiting our ability to capture longer-run dynamics.

An additional limitation is the lack of direct measures
of vitaminD status, whichmay confound the observed asso-
ciations. Vitamin D plays a central role in calcium absorp-
tion and is independently associated with musculoskeletal
health, muscle strength, and the risk of falls [49,58,59].
To the extent that higher calcium intake is correlated with
higher vitamin D status through diet, supplementation, or
related health behaviors, our estimates may partly reflect
the combined influence of both nutrients. However, vi-
tamin D insufficiency is highly prevalent among Chinese
adults, particularly among the older population [60,61,62].
While residual confounding cannot be ruled out, our results
should be interpreted as associations within a nutritional en-
vironment characterized by widespread calcium and vita-
min D insufficiency.

Despite these above limitations, this study is the first
to use nationwide data from China to examine the associ-
ations between calcium intake sufficiency, functional abil-
ity, and healthcare costs, thereby providing an important
foundation for future research. Further studies could clar-
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ify causal mechanisms, evaluate interventions such as cal-
cium supplementation and dietary education, and examine
interactions between calcium and other nutrients such as
vitamin D, which was not collected in the CHNS. Cross-
country comparative analyses and the use of digital tools,
such as mobile applications and wearable devices, may also
improve the measurement and monitoring of calcium in-
take, thereby informing evidence-based policies aimed at
promoting functional health and reducing healthcare expen-
ditures.

5. Conclusion
This study documents a persistently low level of cal-

cium intake among older adults in China, with only 30.5%
meeting the recommended intake levels. The average in-
take of 689 mg/day, well below national recommendations
and levels observed in developed countries. Calcium intake
sufficiency was associated with a 0.09-point higher IADL
score and a 7.8% (114.01 yuan) reduction in annual health-
care expenditures. These associations were stronger among
older adults, women, and other socioeconomically vulner-
able groups, highlighting the urgent need for targeted in-
terventions. Strategies such as routine screening, calcium
supplementation, educational programs, and culturally tai-
lored initiatives could play an important role in improving
functional health and reducing healthcare costs. Future re-
search should focus on clarifying the causal relationships
between calcium intake, functional ability, and healthcare
costs, as well as cross-country analysis to enhance the gen-
eralizability of the current findings.
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