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Abstract
BACKGROUND: There is conflicting evidence regarding the 
association between vitamin D status and cognitive function in 
population studies. The use of one-time vitamin D measurement in 
cognitive health studies may not reflect long-term vitamin D status in 
the body. 
OBJECTIVE: We aimed to examine the relationship of vitamin D 
status measured over time with the risk of neurocognitive disorders 
(NCDs) in Norwegian older adults.
DESIGN: Prospective cohort study.
SETTING: Regional, Trøndelag Health Study. 
PARTICIPANTS: This study followed a random cohort of 717 
participants from HUNT2 (1995–97) and HUNT3 (2006–08) to 
HUNT4 70+ (2017–19). The mean age at HUNT4 70+ was 77.7 years.
METHODS: Seasonal-standardized serum 25-hydroxyvitamin D 
[25(OH)D] levels in HUNT2 and HUNT3 were averaged and used 
as either a categorical variable (<50 and ≥50 nmol/L) or a continuous 
variable (per 25 nmol/L decrease). In the cohort aged 70 years or over 
(HUNT4 70+), NCDs consisting of mild cognitive impairment (MCI) 
and dementia were diagnosed by clinical experts according to the 
DSM-5 criteria. Logistic and linear regression models were used to 
estimate odds ratios (ORs) and regression coefficients (beta) with 95% 
confidence intervals (CIs) to assess the relationship between 25(OH)
D levels and the risk of NCDs or the Montreal Cognitive Assessment 
(MoCA) score.
RESULTS: In total, 347 (48.4%) had NCDs in HUNT4, with 33.3% 
having MCI and 15.1% having dementia. Compared with participants 
with serum 25(OH)D ≥50 nmol/L, those with 25(OH)D <50 nmol/L 
had a similar risk of NCDs (OR 1.05, 95% CI 0.76 to 1.46). No 
association was observed with the risk of MCI (OR 1.01, 95% CI 0.71 
to 1.44) or dementia (OR 1.16, 95% CI 0.70 to 1.92), respectively. In 
a subsample of participants evaluated with the MoCA (n=662), a 25 
nmol/L decrease in serum 25(OH)D was not associated with a change 
in MoCA score (beta 0.33, 95% CI –0.17 to 0.85).
CONCLUSION: Vitamin D insufficiency defined by two times 
measurements of serum 25(OH)D with a 10-year interval was not 
associated with the risk of NCDs in a cohort of older Norwegian 
adults. Future studies utilizing multiple vitamin D measurements with 
a longer follow-up duration and larger sample size are warranted. 

Key words: 25(OH)D, neurocognitive disorders, dementia, HUNT 
study, MCI.

Introduction

Neurocognitive disorders (NCDs) in older adults 
have become a public health priority amidst 
an increasingly aging population. There were an 

estimated 57.4 million dementia cases globally in 2019, with 
a projected increase to 152.8 million cases in 2050 (1). Mild 
cognitive impairment (MCI) is characterized by a higher-
than-expected cognitive decline for an individual, taking age 
or education level into account, with minimal impact on daily 
activities (2). More than half of MCI cases progress to dementia 
within five years (2). A recent Norwegian study has shown a 
high prevalence of MCI and dementia. Today, there are more 
than 100,000 dementia cases in Norway and cases are predicted 
to more than double by 2050 (3). Dementia is a chronic 
condition that poses a significant burden on patients and 
families with overwhelming responsibilities on caregivers. The 
cost of care also increases with disease severity (4). Since there 
is no cure, preventing or delaying disease onset is essential to 
the socio-economic impact. Identified modifiable risk factors, 
including low education, hearing loss, smoking, depression, 
physical inactivity, hypertension, obesity, and diabetes, account 
for about 40% of dementia cases worldwide (5). Identification 
of new modifiable risk factors could improve the prevention 
further.  

Vitamin D receptor, a nuclear steroid receptor required 
for vitamin D to exhibit its effect, is widely distributed in the 
brain (6). Both animal and in vitro experimental studies have 
shown neuroprotective and anti-inflammatory effects of serum 
25-hydroxyvitamin D [25(OH)D] on the brain and cognition (7, 
8). Such effects have been demonstrated in mice with the ability 
of 25(OH)D to clear amyloid plaque deposits in the brain, a 
hallmark of Alzheimer’s disease (8). Regardless, the role of 
25(OH)D in cognitive function is inconclusive in population 
studies. In some prospective cohort studies, associations have 
been reported between low 25(OH)D (i.e., <50 nmol/L) and 
cognitive decline or the risk of dementia (9-12), supported by 
pooled estimates from two meta-analyses (13, 14). However, 
other prospective studies reported no such associations (15-17). 

Vitamin D Status Over Time and Cognitive Function in Norwegian Older 
Adults: A Prospective Cohort of the HUNT Study       
E.O. Asante1,2, X.-M. Mai3, R.S. Eldholm4,5, H.K. Skjellegrind6,7, M. Kolberg2, B.M. Brumpton6,8,9,  
G. Selbæk10,11,12, Y. Chen13, Y.-Q. Sun1,2,14

1. Department of Clinical and Molecular Medicine, NTNU, Norwegian University of Science and Technology, Trondheim, Norway; 2. Center for Oral Health Services and Research 
Mid-Norway (TkMidt), Trondheim, Norway; 3. Department of Public Health and Nursing, NTNU, Norwegian University of Science and Technology, Trondheim, Norway; 4. Department 
of Neuromedicine and Movement Science, NTNU, Norwegian University of Science and Technology, Trondheim, Norway; 5. Department of Geriatrics, Clinic of Medicine, St. Olavs 
Hospital, Trondheim, Norway; 6. HUNT Research Centre, Department of Public Health and Nursing, NTNU, Norwegian University of Science and Technology, Levanger, Norway;  
7. Levanger Hospital, Nord-Trøndelag Hospital Trust, Levanger, Norway; 8. K.G. Jebsen Center for Genetic Epidemiology, Department of Public Health and Nursing, NTNU, Norwegian 
University of Science and Technology, Trondheim, Norway; 9. Clinic of Medicine, St. Olavs hospital Trondheim University Hospital, Trondheim, Norway; 10. Norwegian National 
Centre for Ageing and Health, Vestfold Hospital Trust, Tønsberg, Norway; 11. Department of Geriatric Medicine, Oslo University Hospital, Oslo, Norway; 12. Institute of Clinical 
Medicine, Faculty of Medicine, University of Oslo, Oslo Norway; 13. School of Epidemiology and Public Health, Faculty of Medicine, University of Ottawa, Ottawa, Ontario, Canada; 
14. Department of Pathology, Clinic of Laboratory Medicine, St. Olavs Hospital, Trondheim, Norway 

Corresponding Author: Ernest Obeng Asante, Norwegian University of Science and Technology, Trondheim, Sor-Trondelag, Norway, ernesoa@stud.ntnu.no

J Nutr Health Aging.2023;27(1):30-37
Published online December 7, 2022, https://doi.org/10.1007/s12603-022-1867-8



31

JNHA  - Volume 27, Number 1, 2023

Similarly, causality is yet to be established through intervention 
studies and Mendelian randomization studies (18, 19). 

The absence of repeated 25(OH)D measures in cognitive 
health studies has been considered a drawback but has not been 
explored (13, 14). One-time measurement may not reflect long-
term 25(OH)D status in the body. Hence, this study aimed to 
examine the relationship of vitamin D status measured over 
time with the risk of NCDs in older Norwegian adults.

 
Method

Study Design and Populations

The study population was drawn from the Trøndelag Health 
Study (HUNT Study) — a large and comprehensive health 
study in Norway. These surveys have been conducted in series 
from HUNT1 (1984–1986) to HUNT4 (2017–19). Residents 
in the Nord-Trøndelag region in Norway aged ≥20 years were 
invited to participate in these surveys. Participants answered a 
range of health and lifestyle-related questions and attended a 
clinical examination for each survey (20).

We selected a 10% random sample (n=6377) from HUNT2 
participants (1995–97) and measured their serum 25(OH)
D level, and the methodology has been described in detail 
previously (21). Among them, 3673 (57.6%) participated in 
HUNT3 (2006–08), and 3511 had serum 25(OH)D measured 
in HUNT3. Of the 3511 participants, 908 (the study cohort) 
were invited to HUNT4 70+, and 738 participated. HUNT4 
70+ invited HUNT4 participants aged 70 years or older (3). 
We excluded dementia cases diagnosed from 1995 to 2011 
in the Health and Memory Study (n=3) (22) and those with 
no information on cognitive function in HUNT4 70+ (n=18). 
The current analysis was based on data from 717 individuals 
(the analysis cohort) who had complete information on serum 
25(OH)D levels in HUNT2 and HUNT3 with cognitive 
function evaluated in HUNT4 70+ and dementia-free from 1995 
to 2011. The mean age of the 717 participants in HUNT4 70+ 
was 77.7 years. A flowchart outlining this selection process is 
presented in Figure 1.

Serum 25(OH)D Measurements

Blood samples collected in HUNT2 and HUNT3 were stored 
at -80°C until analysis. Serum 25(OH)D levels in both HUNT 
surveys were measured using LIAISON 25-OH vitamin D 
TOTAL (DiaSorin, Saluggia, Italy), a fully automated antibody-
based chemiluminescence assay with a detection range of 
10–375 nmol/L. Serum 25(OH)D represents the vitamin D 
status in the body and reflects vitamin D obtained from sunlight 
exposure, food intake and supplementation (23).

The geographical position of Norway implies seasonal 
fluctuations in 25(OH)D levels. A cosinor model based on 
the month of blood draw was used to calculate the seasonal-
standardized 25(OH)D level (nmol/L) (24, 25) — which 
represents the annual average value of 25(OH)D for each 
participant. The seasonal-standardized 25(OH)D levels 
of HUNT2 and HUNT3 were averaged to denote 25(OH)D 

levels over time. We used the average seasonal-standardized 
serum 25(OH)D level as categorical and continuous variables. 
Serum 25(OH)D categorization followed cut-off values of 
<50 nmol/L as insufficiency and ≥50 nmol/L as sufficiency 
and per 25 nmol/L decrease as a continuous variable (26, 
27). To account for changes in 25(OH)D levels over time, we 
also categorized seasonal-standardized 25(OH)D as long-term 
insufficiency (<50 nmol/L in both HUNT2 and HUNT3), long-
term sufficiency (≥50 nmol/L in both HUNT2 and HUNT3), 
and varying levels (change from <50 nmol/L to ≥50 nmol/L 
and vice versa between HUNT2 and HUNT3) for additional 
analysis. We performed further analyses using four groups of 
average seasonal-standardized serum 25(OH)D (nmol/L, <30, 
30–49.9, 50–74.9, ≥75) (26).

Analysis cohort comprised of 717 individuals who had complete information on serum 
25(OH)D levels in both HUNT2 and HUNT3 and cognitive function evaluated in HUNT4 
70+, as well as dementia-free at baseline. HMS, Health and Memory Study; HUNT, 
Trøndelag Health Study.

Covariates

HUNT3 was regarded as the baseline in this study. 
Other baseline variables in HUNT3 were collected through 
questionnaires and clinical examination. Sociodemographic 
variables included age (as a continuous variable), sex, 
occupation (defined by Erikson Goldthorpe Portocarero social 
class scheme ranging from high to low social status: EGP 
class I to VII) (28), and marital status (unmarried, married, 
and others). Body mass index (BMI), calculated as weight 
divided by squared height, was classified into underweight or 
normal (<25.0 kg/m²) (only one participant with BMI<18.5 
kg/m²), overweight (25.0–29.9 kg/m²), and obesity (≥30.0 kg/
m²). Lifestyle factors included smoking status in packyears 
[never smokers, former smokers (0–10, 10.1–20, and >20 
pyrs), current smokers (0–10, 10.1–20 and >20 pyrs)], alcohol 
consumption per month (never, 1–4 times, or ≥5 times) and 

Figure 1. Flow chart of selection criteria for the analysis 
cohort in the HUNT Study



32

VITAMIN D STATUS OVER TIME AND COGNITIVE FUNCTION IN NORWEGIAN OLDER ADULTS

physical activity levels (inactive, low, moderate, or high) (29, 
30). Other health-related baseline variables include diabetes 
(yes, no) and hypertension (yes, no). Participants were defined 
as having diabetes if they answered yes to a question: ‘Have 
you had or do you have diabetes?’ and/or had a non-fasting 
blood glucose level above 11 mmol/L. Participants were 
defined as having hypertension if they took medication for 
hypertension and/or had systolic blood pressure ≥140 mm Hg 
and/or diastolic blood pressure ≥90 mm Hg. Serum cholesterol 
level was classified into desirable (<5.2 mmol/L), borderline 
(5.2 – 6.2 mmol/L), and high (>6.2 mmol/L). Information 
on depression was collected using the Hospital Anxiety and 
Depression Scale (HADS) and categorized as non-cases 
(HADS≤7) and cases (HADS≥8) (31). Kidney function was 
represented by serum creatinine levels (µmol/L) as a continuous 
variable. Participants with missing information on covariates 
were regarded as an "unknown" category for each variable and 
included in the statistical analyses. 

Neurocognitive Disorders in HUNT4 70+

Participants in HUNT4 70+ were grouped into no cognitive 
impairment, MCI (amnestic or non-amnestic MCI), and 
dementia after a thorough clinical evaluation by clinical experts. 
Participants diagnosed with MCI or dementia were combined as 
NCDs. The diagnosis was based on testing in various cognitive 
domains and structured caregiver questionnaires according to 
the Diagnostic and Statistical Manual of Mental Disorders, Fifth 
Edition (DSM-5) criteria (3). Thus, NCDs assessment covered 
cognition, function in daily life, neuropsychiatric symptoms, 
subjective cognitive decline, symptom debut, and course of 
the condition. Subsequent diagnoses were made by applying 
standard diagnostic criteria for MCI (mild neurocognitive 
disorder), dementia (major neurocognitive disorder) and all the 
dementia subtypes according to the DSM-5 (32). A detailed 
description of assessments and procedures for diagnosing NCDs 
in HUNT4 70+ utilizing the DSM-5 framework can be found in 
the study by Gjøra et al. (3).

The Montreal Cognitive Assessment (MoCA) scale was 
used as one of the assessment tools for cognition in HUNT4 
70+. The related score served as a secondary outcome for this 
study. The MoCA is a well-established, multidomain cognitive 
screening instrument for evaluating age-related cognitive 
decline (33). The MoCA scale tests memory, visuospatial and 
executive functions, naming, attention, abstraction, language 
and orientation. The score ranges from 0 to 30, and higher 
scores suggest better cognitive function. Some participants 
were not assessed with MoCA due to incomplete tests or severe 
cognitive impairment (n=55) (3).

Statistical Analyses

The distribution of baseline covariates in HUNT3 was 
presented according to the average seasonal-standardized serum 
25(OH)D categories (<50 and ≥50 nmol/L). Serum 25(OH)
D was used as a categorical variable (<50 and ≥50 nmol/L) or 
a continuous variable (25 nmol/L decrease in 25(OH)D). The 

relationship between serum 25(OH)D and the risk of NCDs 
was evaluated using logistic regression models to estimate 
odds ratios (ORs) with 95% confidence intervals (CIs). We 
further calculated ORs for MCI and dementia in relation to 
serum 25(OH)D using multinomial logistic regression. The 
relationship between serum 25(OH)D levels and MoCA score 
was accessed by linear regression to estimate the regression 
coefficient (beta). In a sensitivity analysis, we evaluated the 
association of changes in 25(OH)D levels over 10 years with 
the risk of NCDs.

In multivariable regression analysis, we adjusted for age (as 
a continuous variable), sex, BMI, occupation, marital status, 
smoking status in packyears, alcohol consumption and physical 
activity in the main model (Model 1). Additional analyses 
were performed to adjust for diabetes, blood pressure, serum 
cholesterol, depression, and serum creatinine (as a continuous 
variable) in Model 2. These potential confounders were 
included based on previous studies on the association between 
25(OH)D and NCDs (5, 14, 15). Continuous variables such as 
serum 25(OH)D level, age, and serum creatinine level were 
used without additional transformations for analysis despite 
deviations from a normal distribution. Deviations were mostly 
minor except for age. 

We addressed potential bias due to missing data in covariates 
(the "Unknown" category in Table 1) using multiple imputation 
by chained equations, assuming data in covariates were missing 
at random. Based on recommendations (34), analysis was 
executed on 10 imputed data sets and results represented the 
averaged estimates.

All Statistical analysis was performed with STATA/MP 
Version 17 (StataCorp LP, College Station, Texas). 

 
Results

The mean of seasonal-standardized serum 25(OH)D for the 
717 participants was 49.1 nmol/L (SD 15.4) in HUNT2 and 
57.7 nmol/L (SD 19.0) in HUNT3 (Supplementary figure 1). 
More participants had average seasonal-standardized serum 
25(OH)D level of ≥50 nmol/L than <50 nmol/L (54.8% vs. 
45.2%). Table 1 shows the HUNT3 baseline characteristics of 
the participants included in the current analysis. The mean age 
was 67.1 years and was slightly younger in participants with 
serum 25(OH)D level of <50 nmol/L compared to those with 
≥50 nmol/L (66.5 vs. 67.6 years). Overall, participants with 
serum 25(OH)D levels <50 nmol/L had lower social class and a 
smaller portion were married, were more likely to have obesity, 
hypertension, and hypercholesterolemia compared with those 
with 25(OH)D ≥50 nmol/L.

Of the 717 participants, 347 (48.4%) had NCDs in HUNT4 
70+, with 33.3% having MCI and 15.1% having dementia. 
Compared to participants with 25(OH)D level of ≥50 nmol/L, 
participants with 25(OH)D levels <50 nmol/L had a similar 
risk of NCDs (OR 1.05, 95% CI 0.76 – 1.46) after adjusting for 
potential confounders in the main model (Table 2, Model 1). 
Additional adjustments in Model 2 did not affect association 
estimates substantially. We observed no association between 
25(OH)D levels <50 nmol/L and the risk of MCI or dementia in 
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Table 1. Baseline characteristics in the HUNT3 survey of participants overall and stratified by average seasonal-standardized 
serum 25(OH)D levels of HUNT2 and HUNT3

Average seasonal-standardized serum 25(OH)D level (nmol/L)
<50 (n=324) ≥50 (n=393) Total (n=717)

Age (years) 66.5 ± 6.2 67.6 ± 6.1 67.1 ± 6.2
Sex 
   Male 141 (43.5) 181 (46.1) 322 (44.9)
   Female 183 (56.5) 212 (53.9) 395 (55.1)
Body mass index (kg/m2)
   Underweight or Normal (<25.0) 59 (18.2) 110 (28.0) 169 (23.6)
   Overweight (25.0–29.9) 151 (46.6) 201(51.2) 352 (49.1)
   Obesity (≥30.0) 113 (34.9) 81(20.6) 194 (27.1)
   Unknown 1 (0.3) 1(0.3) 2 (0.3)
Occupation†
   EGP Class I 44 (13.6) 59 (15.0) 103 (14.4)
   EGP Class II 43 (13.3) 78 (19.9) 121(16.9)
   EGP Class III 95 (29.3) 100(25.5) 195 (27.2)
   EGP Class IV 43 (13.3) 55 (14.0) 98 (13.7)
   EGP Class V + VI 48 (14.8) 58 (14.8) 106 (14.8)
   EGP Class VII 35 (10.8) 24 (6.1) 59 (8.2)
   Unknown 16 (4.9) 19 (4.8) 35 (4.9)
Marital status
   Unmarried 16 (4.9) 12 (3.1) 28 (3.9)
   Married 221 (68.2) 297 (75.6) 518 (72.3)
   Others* 87 (26.9) 84 (21.4) 171 (23.9)
Smoking status in packyears (pyrs)
   Never smokers 135 (41.6) 176 (44.8) 311 (43.4)
   Former smokers 0–10 pyrs 43 (13.3) 59 (15.0) 102 (14.2)
   Former 10.1–20 pyrs 18 (5.6) 40 (10.2) 58 (8.1)
   Former >20 pyrs 26 (8.0) 33 (8.4) 59 (8.2)
   Current smokers 0–10 pyrs 5 (1.5) 9 (2.3) 14 (1.9)
   Current 10.1–20 pyrs 13 (4.0) 13 (3.3) 26 (3.6)
   Current >20 pyrs 25 (7.7) 21 (5.3) 46 (6.4)
   Unknown 59 (18.2) 42 (10.7) 101 (14.1)
Alcohol consumption
   Never 21 (6.5) 23 (5.9) 44 (6.1)
   1–4 times per month 248 (76.5) 278 (70.7) 526 (73.4)
   ≥ 5 times per month 49 (15.1) 81 (20.6) 130 (18.1)
   Unknown 6 (1.9) 11 (2.8) 17 (2.4)
Physical activity
   Inactive 25 (7.7) 27 (6.9) 52 (7.3)
   Low 41 (12.7) 44 (11.2) 85 (11.9)
   Moderate 70 (21.6) 96 (24.4) 166 (23.2)
   High 27 (8.3) 49 (12.5) 76 (10.6)
   Unknown 161 (49.7) 177 (45.0) 338 (47.1)
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the main model (MCI: OR 1.01, 95% CI 0.71 – 1.44; dementia: 
OR 1.16, 95% CI 0.70 – 1.92). In addition, a 25 nmol/L 
decrease in serum 25(OH)D was not associated with the risk 
of NCDs (OR 0.97, 95% CI 0.74 – 1.27), nor with the risks of 
MCI (OR 1.06, 95% CI 0.79 – 1.44) and dementia (OR 0.78, 
95% CI 0.52 – 1.17). 

Change in serum 25(OH)D levels over time (classified as 
long-term insufficiency, long-term sufficiency, and varying 
levels) was not associated with the risk of NCDs (Table 3). 
The adjusted ORs in the main model for the risk of NCDs in 
participants with long-term insufficiency and participants with 
varying 25(OH)D levels were 0.95 (95% 0.64 – 1.42) and 
0.90 (95% CI 0.62 – 1.33), respectively. No association was 
observed between change in serum 25(OH)D levels over time 
and the risk of MCI or dementia, respectively.

In a subsample of participants assessed with MoCA (n= 662, 
Table 4 and Supplementary figure 2), 25(OH)D <50 nmol/L 
was not associated with the MoCA score (beta -0.06, 95% CI 
-0.67 – 0.56). Long-term insufficiency <50 nmol/L (beta 0.04, 
95% CI -0.72 – 0.79) and the varying 25(OH)D levels (beta 
-0.09, 95% CI -0.81 – 0.63) were not related to MoCA score 
either. Similarly, each 25 nmol/L decrease in serum 25(OH)
D level was not associated with the change in the MoCA score 
(beta 0.33, 95% CI -0.17 – 0.85).

We explored the association between serum 25(OH)D 
classified into four categories (nmol/L, <30, 30–49.9, 50–74.9, 

≥75) and cognitive function, and the results are presented in 
Supplementary table 1. The risk for NCDs tended to be higher 
in the 25(OH)D <30 nmol/L group, but the estimates were 
imprecise, with wide 95% CIs. 

Finally, analysis of the imputed data for missing values in 
covariates at baseline showed similar results to the original 
results (Supplementary table 3 vs. Table 2). 

 
Discussion

Main Findings 

Our results suggested that vitamin D insufficiency assessed 
by an average of two serum 25(OH)D measurements with a 
10-year interval was not associated with the risk of NCDs in a 
cohort of older Norwegian adults. A similar result was observed 
for long-term changes in serum 25(OH)D levels. There was no 
association between 25(OH)D and MoCA scores in a subsample 
of participants evaluated with MoCA.

Comparison with Other Studies 

Our results are consistent with some of the previous studies. 
In an 18-year follow-up Swedish study, Olsson et al. found no 
evidence for the association between baseline 25(OH)D and 
long-term risk of dementia or cognitive impairment (15). The 

Table 1 (continued). Baseline characteristics in the HUNT3 survey of participants overall and stratified by average seasonal-
standardized serum 25(OH)D levels of HUNT2 and HUNT3

Average seasonal-standardized serum 25(OH)D level (nmol/L)
<50 (n=324) ≥50 (n=393) Total (n=717)

Diabetes 
   No 292 (90.1) 361 (91.9) 653 (91.1)
   Yes 25 (7.7) 24 (6.1) 49 (6.8)
   Unknown 7 (2.2) 8 (2.0) 15 (2.1)
Hypertension
   No 119 (36.7) 165 (42.0) 284 (39.6)
   Yes 204 (64.0) 227 (57.8) 431 (60.1)
   Unknown 1 (0.3) 1 (0.3) 2 (0.3)
Serum cholesterol (mmol/L)
   Desirable (<5.2) 86 (26.5) 123 (31.3) 209 (29.1)
   Borderline (5.2 – 6.2) 113 (34.9) 147 (37.4) 260 (36.3)
   High (>6.2) 117 (36.1) 115 (29.3) 232 (32.4)
   Unknown 8 (2.5) 8 (2.0) 16 (2.2)
Depression (HADS)
   Non-cases (≤7) 244 (75.3) 323 (82.2) 567 (79.1)
   Cases (≥8) 35 (10.8) 31(7.9) 66 (9.2)
   Unknown 45 (13.9) 39 (9.9) 84 (11.7)
Serum creatinine [µmol/L] 68.7 ± 15.6 68.9 ± 16.1 68.8 ± 15.9
Data are given as the number of participants (column percentage) or mean ± 1SD.
25(OH)D, 25-hydroxyvitamin D; EGP, Erikson Goldthorpe Portocarero social class scheme; HUNT, Trøndelag Health Study; HADS, The Hospital Anxiety and Depression Scale. 
†Occupation: EGP Class I (administrative managers, politicians or academic professions), EGP Class II (occupations with shorter college and university degrees), EGP Class III (office 
and customer service occupations, sales, service and care professions), EGP Class IV (occupations in agriculture, forestry and fishing), EGP Class V + VI (craftsmen, process and machine 
operators or transport), EGP Class VII (occupations without education requirements). *Others (widow/widower, divorced, separated and unknown).
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null association was also reported in other studies with shorter 
follow-up duration (16, 17, 35). Our findings are consistent 
with evidence from Mendelian randomization studies using 
genetic variants for vitamin D levels as instruments. Two 
Mendelian randomization studies did not suggest a causal 
association between 25(OH)D and cognitive performance 
or dementia (18, 36). Likewise, a meta-analysis study of 
randomized control trials did not provide evidence that vitamin 
D supplementation enhances adult cognitive function (19). 
Similar to our findings, vitamin D supplementation failed to 
improve cognitive decline, measured by MoCA scores in a 
clinical trial (37). Overall, randomized control trials did not 
show a protective effect of vitamin D on cognition.

In contrast, several prospective studies have reported an 
association between lower 25(OH)D levels and the risk of all-
cause dementia or cognitive decline (9-12, 38). Sommer et al., 
in their meta-analysis of five prospective studies, showed an 
association between <25 nmol/L of 25(OH)D and an increased 
risk of dementia, but the relationship with 25(OH)D level of 
25–50 nmol/L was unclear (13). A follow-up meta-analysis 

by Jayedi et al. demonstrated a continuously decreased risk of 
dementia with increasing 25(OH)D levels from 12.5 up to 75 
nmol/L, but a protective effect could not be clarified in 25(OH)
D levels ≥75 nmol/L (14). 

Some factors could explain the inconsistencies in results 
between our study and previous prospective studies (9-12, 38). 
Firstly, our sample size was relatively small. We observed that 
the risk for NCDs tended to be higher in the 25(OH)D <30 
nmol/L group than in the reference group (50–74.9 nmol/L), 
but the difference was not statistically significant partly due to 
insufficient statistical power (Supplementary table 1). Secondly, 
we measured serum 25(OH)D twice, which better reflected 
25(OH)D levels over time in the body. 

Utilizing Repeated Measures of 25(OH)D in 
Cognitive Health Studies

The lack of repeated 25(OH)D measurements is considered 
a significant limitation for previous studies. The one-time 
measurement is likely to introduce misclassification (13, 14, 

Table 2. Relationship between average seasonal-standardized serum 25(OH)D level of HUNT2 and HUNT3 and risk of NCDs in 
HUNT4 70+ (n=717)
Average seasonal-standardized serum 25(OH)
D (nmol/L)

Participants (n) Cases (n) Risk (%) Crude OR (95% CI) Adjusted OR (95% CI) 
Model 1†

Adjusted OR (95% CI) 
Model 2¥

NCDs*
Categorical
<50 324 162 50.0 1.12 (0.84 – 1.51) 1.05 (0.76 – 1.46) 1.01 (0.72 – 1.41)
≥50 393 185 47.1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Continuous‡ 717 347 48.4 1.09 (0.86 – 1.38) 0.97 (0.74 – 1.27) 0.94 (0.71 – 1.24)

Mild cognitive impairment (MCI)
Categorical
<50 324 109 33.6 1.08 (0.78 – 1.49) 1.01 (0.71 – 1.44) 0.98 (0.68 – 1.40)
≥50 393 130 33.1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Continuous‡ 717 239 33.3 1.17 (0.89 – 1.53) 1.06 (0.79 – 1.44) 1.03 (0.75 – 1.42)

Dementia
Categorical
<50 324 53 16.4 1.24 (0.81 – 1.90) 1.16 (0.70 – 1.92) 1.09 (0.64 – 1.83)
≥50 393 55 14.0 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Continuous‡ 717 108 15.1 0.94 (0.67 – 1.32) 0.78 (0.52 – 1.17) 0.73 (0.48 – 1.11)
25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; NCDs, neurocognitive disorders; OR, odds ratio. *NCDs consisted of mild cognitive impairment (MCI) and dementia. 
†Model 1 was adjusted for age, sex, body mass index, occupation, marital status, smoking status in packyears, alcohol consumption and physical activity. ¥Model 2 was adjusted for 
diabetes, hypertension, serum cholesterol, depression, and kidney function (serum creatinine) in addition to Model 1. ‡per 25 nmol/L decrease in serum 25(OH)D.

Table 3. Relationship between changes in serum 25(OH)D levels over time and risk of NCDs in HUNT4 70+ (n=717)
Seasonal-standardized serum 25(OH)D (nmol/L) Participants (n) Cases (n) Risk (%) Crude OR (95% CI) Adjusted OR (95% CI) 

Model 1†
Adjusted OR (95% CI) 

Model 2¥

NCDs*
Long-term insufficiency <50 216 110 50.9 1.10 (0.77 – 1.58) 0.95 (0.64 – 1.42) 0.87 (0.57 – 1.31)
Long-term sufficiency ≥50 262 127 48.5 1.00 (Reference) 1.00 (Reference) 1.00 (reference)
Varying levels 239 110 46.0 0.91 (0.64 – 1.29) 0.90 (0.62 – 1.33) 0.88 (0.59 – 1.30)

Mild cognitive impairment (MCI)
Long-term insufficiency <50 216 75 34.7 1.07 (0.72 – 1.60) 0.95 (0.62 – 1.47) 0.88 (0.56 – 1.38)
Long-term sufficiency ≥50 262 89 34.0 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Varying levels 239 75 31.4 0.88 (0.60 – 1.30) 0.84 (0.55 – 1.27) 0.82 (0.53 – 1.26)

Dementia
Long-term insufficiency <50 216 35 16.0 1.17 (0.69 – 1.98) 0.94 (0.51 – 1.73) 0.81 (0.43 – 1.55)
Long-term sufficiency ≥50 262 38 14.5 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Varying levels 239 35 14.6 0.96 (0.57 – 1.62) 1.02 (0.56 – 1.86) 0.96 (0.51 – 1.80)
25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; NCDs, neurocognitive disorders; OR odds ratio; *NCDs consisted of mild cognitive impairment (MCI) and dementia; 
†Model 1 was adjusted for age, sex, body mass index, occupation, marital status, smoking status in packyears, alcohol consumption and physical activity; ¥ Model 2 was adjusted for 
diabetes, blood pressure, cholesterol, depression, and kidney function(creatinine) in addition to Model 1.
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17). Although it was suggested that 25(OH)D status could be 
stable over both a 5- and 14-year period (39, 40), our study 
showed about 33% (239/717) of participants with varying 
25(OH)D levels over ten years. We observed a general increase 
in the mean 25(OH)D level from HUNT2 to HUNT3 after 
considering seasonal variations in this older Norwegian 
population. Even if several factors affect the circulating 25(OH)
D concentrations, this increase could be attributed to more 
supplementation in the older group (41). 

Strength and Weakness
This prospective study is the first to evaluate the relationship 

between 25(OH)D and the risk of NCDs in late life using 
repeated measures of 25(OH)D. The two-time 25(OH)D 
measurements ensured an optimal reflection of vitamin D status 
over time to minimize exposure misclassification. NCDs in 
this study were diagnosed by clinical experts according to the 
DSM- 5 criteria following rigorous clinical assessment (3). 
Furthermore, we adjusted for a large panel of confounders.

There are also some limitations to the study. Firstly, we 
cannot entirely exclude selection bias. Among the 10% 
random sample of HUNT2 participants, those who did not 
participate in HUNT3 were older, less educated, and more 
likely to have chronic diseases than those who participated  
(25). However, our analysis cohort (n=717, Figure 1) showed 
similar characteristics when compared with the study cohort 
of participants invited for HUNT4 70+ with serum 25(OH)D 
in both HUNT2 and HUNT3 (n=908, Figure 1), indicating no 
significant selection bias (Supplementary table 2). Secondly, 
there could be misclassification due to measurement error 
in the 25(OH)D measurements, which is likely to be non-
differential in a prospective cohort study. It would be ideal 
to have multiple measurements of 25(OH)D levels between 
the 10-year period instead of the two-time measurements to 
minimize misclassification. Thirdly, although our study had a 
relatively long follow-up period of 10 years and we initially 
excluded three dementia cases diagnosed from 1995 to 2011, 
we still cannot completely exclude the possibility of reverse 
causation as the development of cognitive impairment could 
start 20-30 years before diagnosis (42). Those who had early 
signs of NCDs might have been advised to take vitamin D 
supplements, systematically increasing 25(OH)D levels in this 
group and potentially resulting in the null associations in the 

current study. Fourthly, there is a possibility of unmeasured 
confounding or residual confounding by missing information 
on confounders, though multiple imputation analysis did not 
suggest major bias by missing data. Lastly, our analysis cohort 
lacked statistical power to investigate the risk of NCDs in the 
deficient, 25(OH)D <30 nmol/L. Thus, we could not examine 
the potential nonlinear association between 25(OH)D and 
NCDs.

Conclusion
Vitamin D insufficiency, defined by two times measurements 

of serum 25(OH)D with a 10-year interval, showed no 
significant impact on the risk of NCDs in a cohort of older 
Norwegian adults. Future studies should focus on using 
multiple measurements that reflect the trajectory of 25(OH)
D over time with a longer follow-up duration. Studies with a 
larger sample size are also warranted to investigate a potential 
nonlinear association between 25(OH)D and cognitive function 
and the different types of dementia.
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Table 4. Relationship between seasonal-standardized serum 25(OH)D levels and MoCA score in HUNT4 70+ (n=662)
Seasonal-standardized serum 25(OH)D (nmol/L) Participants (n) MoCA score mean (range) Crude β (95% CI) Adjusted β (95% CI) 

Model 1†
Adjusted β (95% CI) 

Model 2¥

Category 1

   Average <50 298 22.7 (7 – 30) -0.23 (-0.89 – 0.43) -0.06 (-0.67 – 0.56) -0.02 (-0.64 – 0.60)

   Average ≥50 364 22.9 (5 – 30) 0 (Reference) 0 (Reference) 0 (Reference)

Category 2

   Long-term insufficiency <50 196 22.6 (7 – 30) -0.28 (-1.09 – 0.53) 0.04 (-0.72 – 0.79) 0.11 (-0.66 – 0.88)

   Long-term sufficiency ≥50 245 22.9 (6 – 30) 0 (Reference) 0 (Reference) 0 (Reference)

   Varying levels 221 22.9 (5 – 30) -0.06 (-0.84 – 0.73) -0.09 (-0.81 – 0.63) -0.10 (-0.84 – 0.63)

Continuous‡ 662 22.8 (5 – 30) 0.10 (-0.44 – 0.64) 0.33 (-0.17 – 0.85) 0.38 (-0.15 – 0.90)

25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; β, coefficient; MoCA, Montreal Cognitive Assessment; †Model 1 was adjusted for age, sex, body mass index, 
occupation, marital status, smoking status in packyears, alcohol consumption and physical activity; ¥ Model 2 was adjusted for diabetes, blood pressure, cholesterol, depression, and kidney 
function(creatinine) in addition to Model 1; ‡per 25 nmol/L decrease in average serum 25(OH)D.



37

JNHA  - Volume 27, Number 1, 2023

Open Access: This article is distributed under the terms of the Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), 
which permits use, duplication, adaptation, distribution and reproduction in any medium 
or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons license and indicate if changes were made.

References
 
1. Nichols E, Steinmetz JD, Vollset SE, et al. Estimation of the global prevalence of 

dementia in 2019 and forecasted prevalence in 2050: an analysis for the Global Burden 
of Disease Study 2019. The Lancet Public Health. 2022;7(2):e105-e125. doi:10.1016/
s2468-2667(21)00249-8

2. Gauthier S, Reisberg B, Zaudig M, et al. Mild cognitive impairment. Lancet. Apr 15 
2006;367(9518):1262-70. doi:10.1016/S0140-6736(06)68542-5

3. GjOra L, Strand BH, Bergh S, et al. Current and Future Prevalence Estimates of Mild 
Cognitive Impairment, Dementia, and Its Subtypes in a Population-Based Sample 
of People 70 Years and Older in Norway: The HUNT Study. J Alzheimers Dis. 
2021;79(3):1213-1226. doi:10.3233/JAD-201275

4. Cantarero-Prieto D, Leon PL, Blazquez-Fernandez C, Juan PS, Cobo CS. The 
economic cost of dementia: A systematic review. Dementia (London). Nov 
2020;19(8):2637-2657. doi:10.1177/1471301219837776

5. Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention, intervention, and 
care: 2020 report of the Lancet Commission. Lancet. Aug 8 2020;396(10248):413-446. 
doi:10.1016/S0140-6736(20)30367-6

6. Eyles DW. Vitamin D: Brain and Behavior. JBMR Plus. Jan 2021;5(1):e10419. 
doi:10.1002/jbm4.10419

7. Nissou MF, Guttin A, Zenga C, Berger F, Issartel JP, Wion D. Additional clues for a 
protective role of vitamin D in neurodegenerative diseases: 1,25-dihydroxyvitamin 
D3 triggers an anti-inflammatory response in brain pericytes. J Alzheimers Dis. 
2014;42(3):789-99. doi:10.3233/JAD-140411

8. Yu J, Gattoni-Celli M, Zhu H, et al. Vitamin D3-enriched diet correlates with a 
decrease of amyloid plaques in the brain of AbetaPP transgenic mice. J Alzheimers 
Dis. 2011;25(2):295-307. doi:10.3233/JAD-2011-101986

9. Licher S, de Bruijn R, Wolters FJ, Zillikens MC, Ikram MA, Ikram MK. Vitamin D 
and the Risk of Dementia: The Rotterdam Study. J Alzheimers Dis. 2017;60(3):989-
997. doi:10.3233/jad-170407

10. Feart C, Helmer C, Merle B, et al. Associations of lower vitamin D concentrations 
with cognitive decline and long-term risk of dementia and Alzheimer’s disease 
in older adults. Alzheimers Dement. Nov 2017;13(11):1207-1216. doi:10.1016/j.
jalz.2017.03.003

11. Littlejohns TJ, Henley WE, Lang IA, et al. Vitamin D and the risk of dementia 
and Alzheimer disease. Neurology. Sep 2 2014;83(10):920-8. doi:10.1212/
wnl.0000000000000755

12. Knekt P, Sääksjärvi K, Järvinen R, et al. Serum 25-hydroxyvitamin d concentration 
and risk of dementia. Epidemiology. Nov 2014;25(6):799-804. doi:10.1097/
ede.0000000000000175

13. Sommer I, Griebler U, Kien C, et al. Vitamin D deficiency as a risk factor for 
dementia: a systematic review and meta-analysis. BMC Geriatr. Jan 13 2017;17(1):16. 
doi:10.1186/s12877-016-0405-0

14. Jayedi A, Rashidy-Pour A, Shab-Bidar S. Vitamin D status and risk of dementia and 
Alzheimer’s disease: A meta-analysis of dose-response (dagger). Nutr Neurosci. Nov 
2019;22(11):750-759. doi:10.1080/1028415X.2018.1436639

15. Olsson E, Byberg L, Karlstrom B, et al. Vitamin D is not associated with incident 
dementia or cognitive impairment: an 18-y follow-up study in community-living old 
men. Am J Clin Nutr. Apr 2017;105(4):936-943. doi:10.3945/ajcn.116.141531

16. Karakis I, Pase MP, Beiser A, et al. Association of Serum Vitamin D with the Risk of 
Incident Dementia and Subclinical Indices of Brain Aging: The Framingham Heart 
Study. J Alzheimers Dis. 2016;51(2):451-61. doi:10.3233/JAD-150991

17. Duchaine CS, Talbot D, Nafti M, et al. Vitamin D status, cognitive decline and 
incident dementia: the Canadian Study of Health and Aging. Can J Public Health. Jun 
2020;111(3):312-321. doi:10.17269/s41997-019-00290-5

18. Maddock J, Zhou A, Cavadino A, et al. Vitamin D and cognitive function: A 
Mendelian randomisation study. Sci Rep. Oct 16 2017;7(1):13230. doi:10.1038/
s41598-017-13189-3

19. Beauchet O, Cooper-Brown LA, Allali G. Vitamin D Supplementation and Cognition 
in Adults: A Systematic Review of Randomized Controlled Trials. CNS Drugs. Dec 
2021;35(12):1249-1264. doi:10.1007/s40263-021-00876-z

20. Åsvold BO, Langhammer A, Rehn TA, et al. Cohort Profile Update: The HUNT Study, 
Norway. Int J Epidemiol. May 17 2022;doi:10.1093/ije/dyac095

21. Sun YQ, Langhammer A, Skorpen F, Chen Y, Mai XM. Serum 25-hydroxyvitamin 
D level, chronic diseases and all-cause mortality in a population-based prospective 
cohort: the HUNT Study, Norway. BMJ Open. Jul 3 2017;7(6):e017256. doi:10.1136/
bmjopen-2017-017256

22. Bergh S, Holmen J, Gabin J, et al. Cohort profile: the Health and Memory Study 
(HMS): a dementia cohort linked to the HUNT study in Norway. Int J Epidemiol. Dec 
2014;43(6):1759-68. doi:10.1093/ije/dyu007

23. Cashman KD, van den Heuvel EG, Schoemaker RJ, Prévéraud DP, Macdonald HM, 
Arcot J. 25-Hydroxyvitamin D as a Biomarker of Vitamin D Status and Its Modeling 
to Inform Strategies for Prevention of Vitamin D Deficiency within the Population. 
Adv Nutr. Nov 2017;8(6):947-957. doi:10.3945/an.117.015578

24. Degerud E, Hoff R, Nygard O, et al. Cosinor modelling of seasonal variation in 
25-hydroxyvitamin D concentrations in cardiovascular patients in Norway. Eur J Clin 
Nutr. Apr 2016;70(4):517-22. doi:10.1038/ejcn.2015.200

25. Denos M, Mai XM, Åsvold BO, Sørgjerd EP, Chen Y, Sun YQ. Vitamin D status and 
risk of type 2 diabetes in the Norwegian HUNT cohort study: does family history or 
genetic predisposition modify the association? BMJ Open Diabetes Res Care. Jan 
2021;9(1)doi:10.1136/bmjdrc-2020-001948

26. Institute of Medicine Committee to Review Dietary Reference Intakes for Vitamin D, 
Calcium. The National Academies Collection: Reports funded by National Institutes 
of Health. In: Ross AC, Taylor CL, Yaktine AL, Del Valle HB, eds. Dietary Reference 
Intakes for Calcium and Vitamin D. National Academies Press (US) Copyright © 
2011, National Academy of Sciences.; 2011.

27. Brumpton BM, Langhammer A, Henriksen AH, et al. Serum 25-hydroxyvitamin 
D, vitamin D supplement and asthma control: The HUNT study. Respir Med. Mar 
2018;136:65-70. doi:10.1016/j.rmed.2018.01.017

28. Krokstad m.fl S. Classifying people by social class in population based health surveys: 
Two methods compared. Norsk Epidemiologi. 11/05 2009;12(1):19-25. doi:10.5324/
nje.v12i1.501

29. Brumpton BM, Langhammer A, Ferreira MA, Chen Y, Mai XM. Physical activity 
and incident asthma in adults: the HUNT Study, Norway. BMJ Open. Nov 18 
2016;6(11):e013856. doi:10.1136/bmjopen-2016-013856

30. Asante EO, Sun YQ, Nilsen TIL, Asvold BO, Sorgjerd EP, Mai XM. Hours lying down 
per day, as a proxy for sedentary behaviour and risk of diabetes in young and middle-
aged adults in Norway: an 11-year follow-up of the HUNT study. BMJ Open. Mar 25 
2020;10(3):e035010. doi:10.1136/bmjopen-2019-035010

31. Stern AF. The hospital anxiety and depression scale. Occup Med (Lond). Jul 
2014;64(5):393-4. doi:10.1093/occmed/kqu024

32. Association AP. Diagnostic and Statistical Manual of Mental Disorders: DSM-5. 5th 
ed. American Psychiatric Association; 2013.

33. Nasreddine ZS, Phillips NA, Bedirian V, et al. The Montreal Cognitive Assessment, 
MoCA: a brief screening tool for mild cognitive impairment. J Am Geriatr Soc. Apr 
2005;53(4):695-9. doi:10.1111/j.1532-5415.2005.53221.x

34. White IR, Royston P, Wood AM. Multiple imputation using chained equations: Issues 
and guidance for practice. Stat Med. Feb 20 2011;30(4):377-99. doi:10.1002/sim.4067

35. Schneider AL, Lutsey PL, Alonso A, et al. Vitamin D and cognitive function and 
dementia risk in a biracial cohort: the ARIC Brain MRI Study. Eur J Neurol. Sep 
2014;21(9):1211-8, e69-70. doi:10.1111/ene.12460

36. Larsson SC, Traylor M, Malik R, et al. Modifiable pathways in Alzheimer’s disease: 
Mendelian randomisation analysis. BMJ (Clinical research ed). Dec 6 2017;359:j5375. 
doi:10.1136/bmj.j5375

37. Bischoff-Ferrari HA, Vellas B, Rizzoli R, et al. Effect of Vitamin D Supplementation, 
Omega-3 Fatty Acid Supplementation, or a Strength-Training Exercise Program on 
Clinical Outcomes in Older Adults: The DO-HEALTH Randomized Clinical Trial. 
JAMA. Nov 10 2020;324(18):1855-1868. doi:10.1001/jama.2020.16909

38. Afzal S, Bojesen SE, Nordestgaard BG. Reduced 25-hydroxyvitamin D and risk of 
Alzheimer’s disease and vascular dementia. Alzheimers Dement. May 2014;10(3):296-
302. doi:10.1016/j.jalz.2013.05.1765

39. Hofmann JN, Yu K, Horst RL, Hayes RB, Purdue MP. Long-term variation in 
serum 25-hydroxyvitamin D concentration among participants in the Prostate, Lung, 
Colorectal, and Ovarian Cancer Screening Trial. Cancer Epidemiol Biomarkers Prev. 
Apr 2010;19(4):927-31. doi:10.1158/1055-9965.EPI-09-1121

40. Jorde R, Sneve M, Hutchinson M, Emaus N, Figenschau Y, Grimnes G. Tracking of 
serum 25-hydroxyvitamin D levels during 14 years in a population-based study and 
during 12 months in an intervention study. Am J Epidemiol. Apr 15 2010;171(8):903-
8. doi:10.1093/aje/kwq005

41. Mai XM, Langhammer A, Chen Y, Camargo CA, Jr. Cod liver oil intake and incidence 
of asthma in Norwegian adults--the HUNT study. Thorax. Jan 2013;68(1):25-30. 
doi:10.1136/thoraxjnl-2012-202061

42. Jansen WJ, Ossenkoppele R, Knol DL, et al. Prevalence of cerebral amyloid pathology 
in persons without dementia: a meta-analysis. JAMA. May 19 2015;313(19):1924-38. 
doi:10.1001/jama.2015.4668

© The Author(s) 2022

How to cite this article: E.O. Asante, X.-M. Mai, R.S. Eldholm, et al. Vitamin D Status 
Over Time and Cognitive Function in Norwegian Older Adults: A Prospective Cohort 
of the HUNT Study. J Nutr Health Aging.2023;27(1):30-37; https://doi.org/10.1007/
s12603-022-1867-8


