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Abstract 

Clinical and Biomarker Modifiers of Vitamin D Treatment Response: The Multi-Ethnic Study of 

Atherosclerosis 

 

Simon Hsu 

 

Chair of the Supervisory Committee: 

Ian H. de Boer 

Department of Medicine 

 

Background: Different 25-hydroxyvitamin D (25(OH)D) thresholds for treatment with vitamin 

D supplementation have been suggested, and are derived almost exclusively from observational 

studies. Whether other characteristics including race/ethnicity, body mass index (BMI), and 

estimated glomerular filtration rate (eGFR) should also influence the threshold for treatment is 

unknown. 

Objective: Identify clinical and biomarker characteristics that modify the response to vitamin D 

supplementation. 

Methods: 666 older adults in the Multi-Ethnic Study of Atherosclerosis (MESA) were 

randomized to 16 weeks of oral vitamin D3 (2000 IU/d; n=499) or placebo (n=167). Primary 

outcomes were changes in serum parathyroid hormone (PTH) and 1,25-dihydroxyvitamin D 

(1,25(OH)2D) concentrations from baseline to 16 weeks. 



 
 

 
 

Results: Among 666 participants randomized (mean age 72 years, 53% female, 66% 

racial/ethnic minority), 611 (92%) completed the study. Mean (SD) change in PTH was -3 (16) 

pg/mL with vitamin D3 vs 2 (18) pg/mL with placebo (estimated mean difference, -5 (95% CI: -

8, -2) pg/mL). Within the vitamin D3 group, lower baseline 25(OH)D was associated with a 

larger decline in PTH in a non-linear fashion. With baseline 25(OH)D >30 ng/mL as the 

reference, 25(OH)D <20 ng/mL was associated with a larger decline in PTH with vitamin D3 

supplementation (-10 (95% CI: -15, -6) pg/mL) whereas 25(OH)D 20-30 ng/mL was not (-2 

(95% CI: -6, 1) pg/mL). A segmented threshold model identified a baseline 25(OH)D 

concentration of 21 (95% CI: 13, 31) ng/mL as an inflection point for difference in change in 

PTH. Race/ethnicity, BMI and eGFR did not modify vitamin D treatment response. There was 

no significant change in 1,25(OH)2D in either treatment group.  

Conclusions: Of characteristics most commonly associated with vitamin D metabolism, only 

baseline 25(OH)D <20 ng/mL modified the PTH response to vitamin D supplementation, 

providing support from a clinical trial to use this threshold to define insufficiency.  



 
 

 
 

Introduction 

Vitamin D and its metabolites regulate hundreds of genes related to bone metabolism, cell 

growth and differentiation, inflammatory cell function and other basic cellular processes 

essential to human health (1-3). While vitamin D is effective for treating nutritional rickets and 

osteomalacia (4,5), recent clinical trials of predominantly vitamin D sufficient individuals from 

the general population demonstrate small to insignificant effects of supplementation on 

numerous chronic illnesses (6-9). However, response to supplementation is likely to vary across 

individuals, such that vitamin D supplementation offers clinical benefits for appropriate subsets 

of people. 

 

Low circulating concentrations of total 25-hydroxyvitamin D (25(OH)D), the sum of 25(OH)D2 

and 25(OH)D3, are typically used to define “vitamin D insufficiency” and guide treatment. 

However, 25(OH)D thresholds used to define insufficiency are derived almost exclusively from 

observational studies of serum 25(OH)D concentrations (10,11). Data from intervention studies 

are optimal to determine characteristics, such as 25(OH)D concentration, that modify the benefits 

and risks of vitamin D supplementation. The paucity of such data contributes to conflicting 

recommendations to define 25(OH)D insufficiency and to institute vitamin D supplementation 

from professional societies. 

 

We conducted a randomized clinical trial of vitamin D to identify key clinical and biomarker 

characteristics that modify response to vitamin D treatment, assessed primarily by changes in 

serum concentrations of parathyroid hormone (PTH) and 1,25-dihydroxyvitamin D 

(1,25(OH)2D) (12). PTH is a classic response marker for vitamin D treatment, as its synthesis 



 
 

 
 

and secretion are directly suppressed by vitamin D receptor activation by 1,25(OH)2D, the 

vitamin D metabolite which mediates most of the biologic effects of vitamin D (13,14). In 

addition to baseline 25(OH)D concentration, we examined body mass index (BMI), estimated 

glomerular filtration rate (eGFR), and race/ethnicity as potential effect modifiers given the role 

of adiposity in vitamin D bioavailability (15), metabolism of 25(OH)D by the kidney (16), and 

observational data suggesting heterogeneity in associations of 25(OH)D with clinical outcomes 

by race/ethnicity (17-19). The knowledge gained from this study may impact patient-oriented 

care and health policy. 

 

Materials and Methods 

Study Design 

The Multi-Ethnic Study of Atherosclerosis (MESA) Individualized Response to Vitamin D 

(INVITe) Study was a randomized, double-blind, placebo-controlled trial of vitamin D designed 

to examine individual-level characteristics that modify the response to vitamin D treatment (20). 

The INVITe trial was nested within MESA, an ongoing, community-based prospective cohort 

study of clinical and subclinical cardiovascular disease (21), and approved by the Institutional 

Review Board of each participating MESA INVITe study site. 

 

Study Population 

Between 2000 and 2002, MESA recruited 6814 adults between the ages of 45 and 84 years 

without clinically apparent cardiovascular disease. For this study, participants were recruited 

from the MESA year 15 examination or from two parallel MESA ancillary studies (MESA 

Family and MESA Air) (22) at one of five field centers located across the United States: Los 



 
 

 
 

Angeles County, CA; Chicago, IL; Baltimore and Baltimore County, MD; Forsyth County, NC; 

and Northern Manhattan and the Bronx, NY. We excluded MESA participants with a clinical 

history of primary hyperparathyroidism or sarcoidosis; a kidney stone within the last 5 years; a 

history of kidney dialysis or transplant; serum calcium >11 mg/dL at the baseline MESA 

examination; a self-reported history of hypercalcemia; current use of vitamin D >1000 IU/d or 

any activated vitamin D product; and an inability to provide informed consent. 

 

Intervention 

Participants were randomized to 16 weeks of oral vitamin D3 at a dose of 2000 IU/d or masked 

placebo in a 3:1 ratio because the short-term variability in response was expected to be 

substantially larger in the vitamin D3 group than the control group. Assignments were computer-

generated in blocks of four, stratified by MESA study site. Treatment assignments were 

concealed to both participants and investigators. Blood and urine samples were collected at the 

baseline visit and at a single trial-specific study visit 16 weeks after randomization for 

ascertainment of outcomes. Adherence by pill count and adverse events were also ascertained at 

the 16-week study visit. 

 

Outcomes 

Two co-primary outcomes were the changes in serum PTH and total 1,25(OH)2D concentrations 

from baseline to 16 weeks. Secondary outcomes were changes in serum total 25(OH)D and urine 

calcium excretion (as a marker of intestinal calcium absorption) (23,24), quantified using spot 

urine calcium/creatinine ratios from a single-void urine sample. PTH was measured with the 

Beckman-Coulter DxI 800 automated 2-site immunoassay (Beckman-Coulter Inc, Brea, CA). 



 
 

 
 

Serum 1,25(OH)2D2, 1,25(OH)2D3, 25(OH)D2 and 25(OH)D3 were measured by immunoaffinity 

and liquid chromatography-tandem mass spectrometry (LC-MS/MS) (25,26). Total 1,25(OH)2D 

and 25(OH)D were calculated by the sum of their respective D2 and D3 concentrations. Inter-

assay coefficients of variation (CV%) were calculated using repeat measurements of quality 

controls specimens (20). Our laboratory has been active participants in the Vitamin D 

Standardization Program, and our method for 25(OH)D is traceable to the relevant National 

Institute of Standards and Technology (NIST) and CDC reference measurement procedures (27). 

Specifically, using our in-house matrix-matched quality control materials, the total mean CV% 

for total 25(OH)D across the entire study (June 2017 to April 2019) was 4.3%. Analysis of the 

NIST Standard Reference Materials (SRM) 972a by our immunoaffinity enrichment assay for 

total 25(OH)D demonstrated a mean bias of 2.0%; our accuracy based vitamin D (ABVD) 

survey results for the same assay had a mean bias of 4.5%. Urine calcium, creatinine and 

albumin were measured on a Beckman-Coulter DxC 600. 

 

Covariates 

Baseline demographics including race/ethnicity, smoking status, and comorbidities were 

ascertained at the baseline MESA INVITe examination through self-administered questionnaires, 

interviewer-administered standardized interviews, extensive in-person examinations and 

laboratory data. Participants identified themselves as belonging to one of four racial/ethnic 

groups: Black, Chinese, Hispanic, or White. Diabetes status was defined by the use of an oral 

hypoglycemic medication or insulin, fasting blood glucose >126 mg/dL, non-fasting blood 

glucose >200 mg/dL, or hemoglobin A1c >6.5% (28). Weight and height were measured and 

used to calculate BMI in units of kg/m2. eGFR was estimated from serum creatinine using the 



 
 

 
 

Chronic Kidney Disease Epidemiology Collaboration equation (29). Hemoglobin A1c and serum 

creatinine were analyzed at the Collaborative Studies Clinical Laboratory at the University of 

Minnesota Medical Center, Fairview (Minneapolis, MN), a CLIA-certified laboratory. 

Hemoglobin A1c values are harmonized to the NGSP (30), and the serum creatinine is 

standardized with an analytical CV% of 2.2%. 

 

1,25(OH)2D induces the metabolic clearance of 25(OH)D into 24,25-dihydroxyvitamin D 

(24,25(OH)2D) (16,31), such that the 24,25(OH)2D to 25(OH)D ratio (also known as the vitamin 

D metabolic ratio or VDMR) has been used as a novel marker of functional vitamin D activity, 

and was evaluated as a potential modifier of vitamin D treatment response (32,33). Serum 

concentrations of 24,25(OH)2D3 and vitamin D binding protein (VDBP) were measured by LC-

MS/MS (25,26,34). Using our in-house matrix-matched quality control materials, the total mean 

CV% for 24,25(OH)2D3 and VDBP across the entire study was 7.5% and 3.6%, respectively. As 

there was no spectroscopic evidence of 24,25(OH)2D2, the VDMR was calculated by dividing 

the baseline concentrations of 24,25(OH)2D3 by 25(OH)D3, and then multiplying by 1000 such 

that its units are in pg/ng (17). Free 25(OH)D was calculated using the methods of Bikle et al. 

(35), and was used to calculate bioavailable 25(OH)D using equations developed by Vermeulen 

et al (36). Serum calcium, phosphorous and albumin were measured using the Beckman-Coulter 

AU 5812. 

 

Statistical Analysis 

A sample size of 682 was calculated using a simulation study and linear regression to provide 

80% power to detect clinically meaningful associations of individual factors with the co-primary 



 
 

 
 

outcomes, at a 2-sided α = 0.05 (20). Specifically, a sample size of 682 provided 80% power to 

detect a difference of 2.5 pg/mL in the effect of vitamin D treatment on change in PTH per each 

10 ng/mL increment in baseline 25(OH)D concentration. This assumed a standard deviation of 

32 pg/mL for PTH. All participants were analyzed according to their randomized treatment 

group, regardless of adherence or follow-up. To assess potential modifiers of the vitamin D 

treatment response, we first restricted analyses to participants who were assigned to vitamin D3. 

The within-treatment approach was prespecified prior to the analysis, as were all potential 

modifiers of treatment response, which included age, sex, race/ethnicity, BMI, eGFR, the 

VDMR, and baseline concentrations of bioavailable 25(OH)D, 25(OH)D and VDBP. We 

performed linear regression with change in outcome as the dependent variable and potential 

modifiers as independent variables. For each potential modifier, an initial model was unadjusted, 

while a second model adjusted for age, sex, race/ethnicity, BMI, eGFR and season at the baseline 

INVITe blood draw (as a categorical variable), selected a priori because their inclusion would 

make the primary inference more precise. All assumptions for the linear regression models were 

tested and there were no violations. We utilized the placebo group in sensitivity analyses of the 

full study population to confirm that associations between baseline characteristics with change in 

the outcomes were specific to treatment, i.e., that they could not be explained by differences in 

change in the outcomes that occur with the simple passage of time. Specifically, we tested for 

interactions of potential modifiers with treatment assignment using Wald tests with Huber-White 

robust standard errors. Multiple imputation (M=20) with chained equations was used to impute 

missing data. We included modifiers of interest, model covariates and follow-up outcomes in the 

imputation models. The resulting estimates were combined across imputations using Rubin’s 

rules (37). Sensitivity analyses restricted to participants with complete data were also performed.  



 
 

 
 

 

Among vitamin D3 treated participants, we used a threshold linear regression model to estimate 

the baseline 25(OH)D concentration where a segmented threshold effect occurred in its 

relationship with the 16-week change in PTH concentration, which has been previously shown to 

give well-calibrated inference in settings similar to this study (38). The confidence interval for 

the changepoint used robust standard errors and statistical significance for the change in 

association at the changepoint was based on a maximum likelihood ratio statistic. We used a 

Monte Carlo procedure with 10,000 samples from a multivariate normal distribution 

corresponding to model parameters to determine a reference distribution for the test statistic. 

Multiple imputation was not used for this analysis. Two-sided P <0.05 was considered 

statistically significant. All analyses were conducted with R version 3.6.1 (R Foundation for 

Statistical Computing). 

 

Results 

Participant Characteristics 

The mean age of participants was 72 ± 8 years, 53% were female and 66% were of racial or 

ethnic minority. Baseline characteristics were similar across the treatment groups except that 

hypertension was more prevalent in the vitamin D3 group (67% vs 57%; Table 1). The mean 

concentrations of vitamin D metabolism measures at baseline were 30 ± 11 ng/mL for total 

25(OH)D, 48 ± 27 pg/mL for PTH, and 50 ± 18 pg/mL for total 1,25(OH)2D, and were similar 

across the treatment groups (Table 2). 

 

Retention and Adherence 



 
 

 
 

Of the 666 participants who were enrolled, 499 were randomized to vitamin D3 and 167 to 

placebo. Six-hundred and eleven (92%) completed the study (Supplemental Figure 1). Among 

600 participants with completed pill counts, the median (IQR) adherence to study medications 

was 98% (90, 100) and adherence was within 20% of expected (80% to 120% adherence) for 515 

participants (86%). The mean serum 25(OH)D concentrations at the final study visit were 41 ± 

11 ng/mL and 28 ± 10 ng/mL for the vitamin D3 and placebo groups, respectively (Table 2). 

 

Change in Vitamin D Metabolism Measures 

The mean change in PTH concentration after 16 weeks of treatment was -3 ± 16 pg/mL with 

vitamin D3 compared with 2 ± 18 pg/mL with placebo (estimated mean difference, -5 (95% CI: -

8, -2) pg/mL; Table 2). The mean change in total 25(OH)D concentration was 11 ± 10 ng/mL 

with vitamin D3 compared with -2 ± 6 ng/mL with placebo (estimated mean difference, 12 (95% 

CI: 10, 14) ng/mL). There was no significant change in 1,25(OH)2D concentration or urine 

calcium excretion in either treatment group. 

  

Modifiers of Change in PTH 

Within the vitamin D3 group, lower baseline total and bioavailable 25(OH)D concentrations and 

lower VDMR were associated with larger declines in PTH after adjusting for age, sex, 

race/ethnicity, BMI, eGFR and season at the baseline exam (Table 3). Participants with baseline 

25(OH)D <20 ng/mL had the largest decline in PTH (-11 (95% CI: -15, -6) pg/mL). In 

categorical analysis with baseline 25(OH)D >30 ng/mL as the reference, 25(OH)D <20 ng/mL 

was associated with a larger decline in PTH (-10 (95% CI: -15, -6) pg/mL) whereas 25(OH)D in 

the 20-30 ng/mL range was not (-2 (95% CI: -6, 1) pg/mL; Table 3 and Figure 1). Consistent 



 
 

 
 

results were obtained in placebo-controlled analyses using the full study population, where the 

probability that a participant will have the largest decline in PTH was seen in vitamin D3-treated 

participants with 25(OH)D <20 ng/mL (Supplemental Table 1 and Figure 1). Results remained 

consistent in sensitivity analysis excluding an outlier participant with change in PTH of -151 

pg/mL. Concordantly, we identified a segmented threshold effect at a 25(OH)D concentration of 

21 (95% CI: 13, 31) ng/mL in its association with the change in PTH (Figure 2). The difference 

in change in PTH comparing 25(OH)D <20 ng/mL with >20 ng/mL was largest among White 

race, but the test for 25(OH)D category-race interaction did not reach nominal statistical 

significance (P for interaction = 0.134; Table 4). In exploratory analysis that included an 

additional baseline 25(OH)D category of <12 ng/mL, we found a graded PTH response in those 

with 25(OH)D below 20 ng/mL; specifically, the 20 participants with 25(OH)D <12 ng/mL had a 

greater reduction in PTH (-19 (95% CI: -34, -5) pg/mL) compared with participants with 

25(OH)D between 12 and 20 ng/mL (-8 (95% CI: -11, -4) pg/mL; Supplemental Table 2).  

 

Within the vitamin D3 group, race/ethnicity, BMI, eGFR, and serum creatinine were not 

associated with change in PTH (Table 3), and there was no significant association between any 

participant characteristic with the change in 1,25(OH)2D (Supplemental Table 3). However, in 

placebo-controlled analyses using the full study population, BMI and race/ethnicity were 

associated with change in 1,25(OH)2D at nominal levels of statistical significance 

(Supplemental Table 1).  

 

Secondary Outcomes 



 
 

 
 

Within the vitamin D3 group, the mean change in 25(OH)D concentration was greatest among 

those with baseline 25(OH)D concentration <20 ng/mL (17 (95% CI: 15, 19) ng/mL; 

Supplemental Table 4). As continuous measures, lower total and bioavailable 25(OH)D and 

VDMR were each individually associated with a greater increase in 25(OH)D concentration. 

There was no significant association between any participant characteristic with the change in 

urine calcium excretion (Supplemental Table 5).  

 

Adverse Events 

Adverse events were similar comparing the vitamin D3 with placebo group (Supplemental 

Table 6). 

 

Discussion 

In this randomized trial of vitamin D in a multi-ethnic cohort of generally healthy, older adults, 

we assessed a broad group of potential clinical and biomarker modifiers of treatment response to 

vitamin D. We found that lower total and bioavailable 25(OH)D concentrations and lower 

VDMR were associated with a greater biologic response, assessed using change in PTH 

concentrations from baseline to 16 weeks. Our primary results and threshold regression analysis 

support a 25(OH)D insufficiency threshold of 20 ng/mL (50 nmol/L), although this threshold 

may differ by race/ethnicity. Importantly, race/ethnicity, BMI, and eGFR did not significantly 

modify the response to vitamin D treatment.  

 

To our knowledge, this is the first randomized trial to identify a threshold value for 25(OH)D 

insufficiency based on a biologic response to vitamin D treatment. In a subset of 1660 



 
 

 
 

participants in the Vitamin D and Omega-3 Trial (VITAL), Luttmann-Gibson et al. found that 

baseline 25(OH)D concentration <20 ng/mL modified the 1-year change in 25(OH)D with 

vitamin D supplementation (39). 25(OH)D, however, is an inactive metabolite that may not 

reliably inform tissue-level vitamin D activity, hence our decision to use change in PTH as a 

primary outcome. A smaller study did not find significant modification of PTH response by 

baseline 25(OH)D concentration, but was limited by small sample size (N=112) (40). A meta-

analysis of vitamin D supplementation trials did report larger decreases in PTH concentration 

when baseline mean 25(OH)D concentration was <20 ng/mL, compared with >20 ng/mL, but 

this analysis was performed on the trial rather than individual level (41). Subgroup analyses of 

large clinical trials, such as VITAL (6) and the Vitamin D Assessment Study (ViDA) (8) have 

not found significant effect modification by baseline 25(OH)D concentration on clinical 

outcomes, but these trials were not adequately powered to test for interactions whereas the 

current study was specifically designed with quantitative biochemical outcomes to provide such 

power. 

 

Altogether, limited trial data exist to guide recommendations for 25(OH)D thresholds to define 

insufficiency and trigger treatment, which vary across professional societies. The National 

Academy of Medicine (formerly the Institute of Medicine) has concluded that 20 ng/mL is the 

maximal 25(OH)D concentration needed to optimize bone health (11). Yet others, such as the 

Endocrine Society, have advocated for more aggressive treatment to a 25(OH)D concentration of 

30 ng/mL to achieve maximal PTH suppression and calcium absorption (10,42), which comes 

with potential risks (43-45). In this debate, our study provides additional data supporting the 

lower threshold of 20 ng/mL. Individuals with 25(OH)D <12 ng/mL are considered by some, 



 
 

 
 

including the National Academy of Medicine, to be at the highest risk of the adverse health 

consequences of vitamin D deficiency. This is also supported by our exploratory analysis, which 

saw the greatest change in PTH with vitamin D treatment in this group. However, the confidence 

intervals for mean PTH reduction in those with 25(OH)D <12 and 12-20 ng/mL overlap; given 

the small number of participants with 25(OH)D <12 ng/mL, the observed differences in PTH 

reduction between these two groups are unlikely to be statistically significant. Larger studies 

with more individuals with 25(OH)D <12 ng/mL are needed, including future clinical trials that 

use disease endpoints. Our study used the individual change in PTH as a relative measure of 

treatment response, and does not imply that specific PTH values or the absolute change in PTH 

observed should be used as treatment targets for the general population. 

 

There was no difference in change in 1,25(OH)2D comparing the two treatment groups, which is 

consistent with other vitamin D supplementation studies (46,47). It suggests 1,25(OH)2D 

concentrations are tightly regulated and in retrospect, was not a good outcome for this study. 

Given the observed PTH response, the effects of vitamin D treatment on PTH do not seem to be 

mediated by circulating 1,25(OH)2D.  Prior trials of vitamin D also show no changes in urine 

calcium excretion that are attributable to the supplementation (48-51). Future studies should 

consider using more precise measures of intestinal calcium absorption.  

 

Prior studies evaluating whether the VDMR modifies vitamin D treatment response have been 

inconclusive. A post hoc analysis of a randomized trial of oral vitamin D3 showed that lower 

VDMR predicted a greater 6-week increase in 25(OH)D concentrations in the vitamin D 

treatment group (N=60) (52). On the contrary, Francic et al. did not find an association between 



 
 

 
 

baseline VDMR and the 8-week change in 25(OH)D3 concentrations among vitamin D-treated 

participants (N=52) in their analysis of a separate randomized trial (53). Our study was 

comparatively much larger in size and longer in duration, and suggests that the VDMR may have 

clinical utility in predicting vitamin D treatment response, although whether it offers incremental 

value over baseline 25(OH)D is unclear. 

 

We report a few pertinent negative findings. Studies assessing BMI as a modifier of vitamin D 

treatment response have yielded mixed results (39,40,54-56). We did not observe effect 

modification by BMI among participants treated with vitamin D, similar to two randomized trials 

assessing this relationship (N=1600 and N=392) (39,54). Racial differences in vitamin D 

metabolism have been well-documented, and self-described Black participants in VITAL were 

reported to have larger increases in 25(OH)D and decreases in PTH than White participants with 

vitamin D supplementation (39). However, two other randomized trials, and now our study, did 

not find race/ethnicity to be a significant effect modifier of change in 25(OH)D or PTH 

concentration (57,58). This discrepancy may be attributable to variation in African ancestry 

proportions across the different geographic locations in the US from which participants were 

recruited. Both Black and White participants with 25(OH)D <20 ng/mL had a greater decline in 

PTH than those with 25(OH)D >20 ng/mL, and we did not find a statistically significant 

interaction between race/ethnicity with baseline 25(OH)D on vitamin D treatment response. 

However, our study was underpowered for this interaction. Because the largest estimate for 

change in PTH was observed among White participants with 25(OH)D <20 ng/mL, we believe 

there is still uncertainty about applying this threshold to people other than those who self-

describe as White. In placebo-controlled analyses, associations between BMI and race/ethnicity 



 
 

 
 

with change in 1,25(OH)D reached nominal statistical significance, but are likely false positives 

given that they were not observed using the other outcome measures. Last, we hypothesized 

effect modification by eGFR but did not observe this. 

 

Strengths of this study include the rigorous trial design used to assess modifiers of the vitamin D 

treatment response and to identify a 25(OH)D sufficiency threshold using proximate biologic 

measures of treatment response, such as the change in PTH. Other strengths include good study 

retention, adherence and consistent results in sensitivity analyses. This study also has important 

limitations. First, our study duration was short and the study lacks clinical end points. We 

selected this approach to most effectively interrogate individual characteristics modifying the 

response to vitamin D treatment, with the intent that this knowledge may be applied to subgroup 

analyses of longer trials with clinical outcomes. Next, our primary analysis examined only those 

treated with vitamin D3, where modifying characteristics were not randomized and may be 

confounded. Next, our results reflect a study performed in generally healthy, older adults, and 

may not apply to other populations. Next, with nine predictor variables (counting serum 

creatinine and eGFR as one) and two primary outcomes, multiple testing is also a concern. 

However, our main finding of effect modification by baseline 25(OH)D concentration would 

remain significant using a Bonferroni-corrected P-value threshold of 0.0028 (0.05/18). Last, 

race/ethnicity was self-identified rather than genetically estimated. 

 

In conclusion, of clinical and biomarker characteristics commonly associated with circulating 

vitamin D concentrations and metabolism, 25(OH)D <20 ng/mL most clearly modified the PTH 

response to vitamin D supplementation and may be the most appropriate threshold to define 



 
 

 
 

vitamin D insufficiency. These findings provide a clearer and more robust definition of vitamin 

D insufficiency, and may help guide appropriate clinical care. They may also focus post hoc 

analyses of completed trials on participants who are vitamin D insufficient, as some have already 

done, while new trials target this population. 
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Tables & Figures 

Table 1. Baseline Characteristics of Participants in the Multi-Ethnic Study of Atherosclerosis Individualized Response to Vitamin D 

Treatment Trial (MESA INVITe) 

 

 Placebo 

(N = 167) 

Vitamin D3 

(N = 499) 

Age (year), mean (SD) 72 (8) 72 (8) 

Female, N (%) 81 (49) 272 (55) 

Race/ethnicity, N (%)   

   White 58 (35) 169 (34) 

   Black 61 (37) 184 (37) 

   Chinese 19 (11) 64 (13) 

   Hispanic 29 (17) 82 (16) 

Study site   

   Forsyth County, NC 19 (11) 57 (11) 

   Baltimore and Baltimore County, MD 32 (19) 96 (19) 

   Northern Manhattan and the Bronx, NY 46 (28) 140 (28) 

   Chicago, IL 45 (27) 130 (26) 

   Los Angeles County, CA 25 (15) 76 (15) 

Gross annual family income ($), N (%)   

   <25,000 39 (23) 110 (22) 

   25,000 – 49,999 39 (23) 132 (27) 

   50,000 – 74,999 47 (28) 151 (30) 

   75,000 – 100,000 28 (17) 56 (11) 

   >100,000 14 (8) 50 (10) 

Season at MESA INVITe baseline exam, N (%)   

   Jan-Mar 44 (26) 126 (25) 

   Apr-Jun 53 (32) 167 (34) 

   Jul-Sept 45 (27) 129 (26) 

   Oct-Dec 25 (15) 77 (15) 

Ever smoker, N (%) 91 (55) 254 (51) 

Anti-hypertensive use, N (%) 94 (56) 306 (61) 

Non-study vitamin D supplements1, N (%)   



 
 

 
 

   None 112 (67) 303 (61) 

   1-400 IU daily 13 (8) 26 (5) 

   401-1000 IU daily 40 (24) 167 (34) 

Prevalent CVD, N (%) 5 (3) 29 (6) 

Hypertension, N (%) 95 (57) 332 (67) 

Diabetes, N (%) 33 (20) 105 (21) 

Systolic BP (mm Hg), mean (SD) 127 (20) 126 (19) 

BMI (kg/m2), mean (SD) 28.4 (5.3) 29.1 (5.9) 

Creatinine (mg/dL), median, (IQR) 0.87 (0.77, 1.00) 0.90 (0.75, 1.04) 

eGFR (mL/min/1.73m2), mean (SD) 80 (15) 77 (18) 

UACR (mg/g), median (IQR) 4 (3, 14) 5 (3, 14) 

CVD, cardiovascular disease; BP, blood pressure; BMI, body mass index; eGFR, estimate glomerular filtration rate; UACR, urine albumin to 

creatinine ratio; IQR, interquartile range. 

 
1Mean daily intake from all reported supplements. 

  



 
 

 
 

Table 2. Effects of Vitamin D3 vs Placebo on Change in Primary Study Outcomes and Related Measures of Vitamin D Metabolism 

 
Placebo (N = 167) Vitamin D3 (N = 499) Difference in change from baseline1 

 Baseline2 
After 

treatment2 

Change from 

baseline, 

mean (SD)3 

Baseline2 After 

treatment2 

Change from 

baseline, 

mean (SD)3 

Mean difference 

(95% CI) 
P-value4 

Primary Study Outcomes 

PTH (pg/mL) 44 (20) 46 (24) 2 (18) 49 (29) 46 (26) -3 (16) -5 (-8, -2) <0.001 

Total 

1,25(OH)2D 

(pg/mL) 

50 (17) 50 (15) -1 (17) 50 (19) 52 (19) 2 (16) 2 (-1, 5) 0.133 

Related Measures of Vitamin D Metabolism 

Total 

25(OH)D 

(ng/mL) 

29 (10) 28 (10) -2 (6) 30 (11) 41 (11) 11 (10) 12 (10, 14) <0.001 

Bioavailable 

25(OH)D 

(ng/mL) 

3.6 (1.2) 3.3 (1.2) -0.2 (0.7) 3.7 (1.3) 5.0 (1.4) 1.3 (1.3) 1.5 (1.3, 1.7) <0.001 

24,25(OH)2D3 

(pg/mL) 
1.8 (1.0) 1.6 (0.9) -0.2 (0.6) 1.9 (1.1) 2.9 (1.6) 1.1 (1.3) 1.2 (1.0, 1.4) <0.001 

VDMR 

(pg/ng) 
62 (21) 58 (21) -3 (11) 60 (23) 72 (22) 12 (16) 15 (12, 17) <0.001 

VDBP 

(μg/mL) 
226 (31) 227 (33) 1 (19) 223 (30) 223 (36) 0 (25) 0 (-4, 4) 0.965 

Albumin 

(mg/dL) 
4.2 (0.3) 4.1 (0.3) 0 (0.2) 4.2 (0.2) 4.1 (0.2) 0 (0.2) 0 (0, 0) 0.503 

Calcium 

(mg/dL) 
9.4 (0.4) 9.5 (0.4) 0 (0.3) 9.5 (0.4) 9.5 (0.4) 0 (0.3) 0 (-0.1, 0.1) 0.898 

Phosphorus 

(mg/dL) 
3.3 (0.5) 3.4 (0.5) 0 (0.5) 3.4 (0.4) 3.4 (0.6) 0.1 (0.5) 0 (-0.1, 0.1) 0.763 



 
 

 
 

Urine 

Calcium/Creat

inine (mg/g) 

76 (39, 114) 68 (35, 126) 1 (70) 64 (32, 119) 72 (34, 137) 8 (83) 7 (-8, 21) 0.358 

PTH, parathyroid hormone; 1,25(OH)2D, 1,25-dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; 24,25(OH)2D3, 24,25-dihydroxyvitamin D3; 

VDMR, vitamin D metabolite ratio (24,25(OH)2D3 to 25(OH)D3); VDBP, vitamin D binding protein. 

 
1Modeled differences compare participants randomized to vitamin D3 with those randomized to placebo, and account for missing data using multiple 

imputation. 
2Calculated using participants with complete case data, and are mean (SD) except for urine calcium/creatinine which is median (IQR). 
3Change from baseline after 16 weeks of treatment calculated using participants with complete case data. 
4Test of the difference in change in vitamin D metabolism measure from baseline after 16 weeks of treatment.  



 
 

 
 

Table 3. Associations of Baseline Characteristics with Change in Parathyroid Hormone Concentration (pg/mL) Among Participants 

Assigned to Vitamin D3 

   Unadjusted Model Adjusted Model1 

Variable N 
Change in PTH from 

baseline, mean (95% CI)2 

Difference in change in 

PTH (95% CI)3 

Difference in change 

in PTH (95% CI)3 P-value4 

Age (per decade) 499  0 (-1, 2) 0 (-2, 2) 0.785 

Sex      

   Female 272 -3 (-5, -1) Ref Ref 0.666 

   Male 227 -3 (-5, -2) -1 (-4, 2) 0 (-2, 2)  

Race/ethnicity      

   White 169 -3 (-6, 0) Ref Ref 0.591 

   Black 184 -4 (-6, -2) -2 (-5, 2) -1 (-5, 2)  

   Hispanic 82 -1 (-4, 2) 2 (-3, 6) 2 (-3, 6)  

   Chinese 64 -3 (-5, 0) 0 (-5, 5) 0 (-5, 5)  

BMI (kg/m2)      

   < 25 127 -3 (-5, -1) Ref Ref 0.307 

   25 - <30 189 -1 (-4, 1) 2 (-2, 6) 2 (-2, 6)  

   30 - <35 107 -5 (-9, -2) -2 (-6, 2) -2 (-6, 3)  

> 35 76 -4 (-7, 0) 0 (-5, 4) 0 (-5, 5)  

Creatinine (per 0.5 mg/dL) 499  -1 (-4, 2) 0 (-3, 3) 0.985 

eGFR (per 10 mL/min/1.73m2) 499  0 (-1, 1) 0 (-1, 1) 0.643 

Bioavailable 25(OH)D (per 1 

ng/mL decrement) 
499  -3 (-4, -2) -3 (-5, -2) <0.001 

25(OH)D (ng/mL)      

   < 20 79 -11 (-15, -6) -10 (-14, -6) -10 (-15, -6)  

   20 – <30 144 -3 (-5, -1) -2 (-5, 1) -2 (-6, 1)  

   > 30 230 -1 (-2, 1) Ref Ref <0.001 

   Per 10 ng/mL decrement 499  -4 (-5, -2) -4 (-5, -3) <0.001 

VDBP (per 1 SD increment) 499  -1 (-2, 1) -1 (-2, 1) 0.380 

VDMR tertiles5      

   Tertile 1 149 -6 (-9, -3) -4 (-8, -1) -5 (-8, -1)  

   Tertile 2 155 -2 (-4, 0) -1 (-4, 3) -1 (-5, 3)  

   Tertile 3 149 -1 (-3, 1) Ref Ref 0.030 



 
 

 
 

   Per 1 SD decrement 499  -2 (-3, -1) -2 (-4, -1) 0.007 

PTH, parathyroid hormone; BMI, body mass index; eGFR, estimated glomerular filtration rate; 25(OH)D, 25-hydroxyvitamin D; VDBP, vitamin D 

binding protein; VDMR, vitamin D metabolite ratio (24,25-dihydroxyvitamin D3 to 25(OH)D3). 

1Adjusted for age, sex, race/ethnicity, BMI, eGFR and season at baseline exam, except for the model assessing serum creatinine, which was adjusted 

for age, sex, race/ethnicity, BMI and season at baseline exam. 
2Change from baseline after 16 weeks of vitamin D3 summarized over all participants (N = 499) using multiple imputation. The mean (95% CI) 

among all vitamin D3 participants was -3 (-4, -2) pg/mL. 
3Modeled estimates account for missing data using multiple imputation. 
4Test statistic for the covariate-adjusted model. 
5Tertile cut points are based on the full study population. 

  



 
 

 
 

Table 4. Associations of Baseline 25-Hydroxyvitamin D and Change in Parathyroid Hormone by Race/Ethnicity Among Participants 

Assigned to Vitamin D3 

  Parathyroid Hormone (pg/mL) 

Baseline 25(OH)D (ng/mL) N Baseline, mean (SD) 
After treatment, mean 

(SD) 

Change from baseline, 

mean (95% CI) 

Difference in change, 

mean (95% CI)1 

White      

   < 20 17 85 (42) 63 (24) -22 (-41, -3) -22 (-30, -13) 

   > 20 141 45 (31) 45 (30) 0 (-3, 2) Ref 

Black      

   < 20 42 63 (32) 53 (26) -10 (-15, -5) -8 (-13, -3) 

   > 20 117 51 (26) 49 (26) -2 (-5, 0) Ref 

Hispanic      

   < 20 12 59 (19) 57 (16) -2 (-9, 5) -1 (-10, 8) 

   > 20 64 46 (21) 45 (26) -1 (-4, 3) Ref 

Chinese      

   < 20 8 44 (14) 38 (14) -7 (-15, 2) -5 (-13, 3) 

   > 20 52 36 (18) 34 (16) -2 (-5, 1) Ref 

25(OH)D, 25-hydroxyvitamin D. 

1Differences compare participants with baseline 25(OH)D < 20 ng/mL with those with 25(OH)D > 20 ng/mL. P = 0.134 for 25(OH)D category-race 

interaction). 

  



 
 

 
 

 

 

Figure 1. Change in Parathyroid Hormone by Baseline 25-hydroxyvitamin D. The horizontal line in each white box indicates the median; top 

and bottom box borders indicate the first and third quartiles, respectively. The vertical whiskers extending from the boxes depict the most extreme 

observation within 1.5 times the interquartile range of the nearest quartile. On each side of the white boxes are kernel density estimations that show 

the distribution shape of the data. Wider sections represent a higher probability that participants of the population (N=453) will take on the given 

value; the skinnier sections represent a lower probability. PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D. 

 



 
 

 
 

 

Figure 2. Loess of Change in Parathyroid Hormone by Baseline 25-hydroxyvitamin D Among Participants Assigned to Vitamin D3 (N=453). 

The shaded area represents the pointwise 95% confidence interval around the values on the fitted loess curve. The red circle at 21 ng/mL represents 

the 25(OH)D concentration where a segmented threshold effect was seen using a threshold linear regression model with robust standard errors (38). 

The test for statistical significance is based on a maximum likelihood ratio statistic. PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D. 

 


