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Low circulating concentrations of 25-hydroxyvitamin D (25(OH)D) are associated with adverse health outcomes
in diverse populations. However, 25(OH)D concentrations vary seasonally with varying exposure to sunlight, so
single measurements may poorly reflect long-term 25(OH)D exposure. The authors investigated cyclical trends in
average serum 25(OH)D concentrations among 2,298 individuals enrolled in the Cardiovascular Health Study of
community-based older adults (1992–1993). A sinusoidal model closely approximated observed 25(OH)D con-
centrations and fit the data significantly better than did a mean model (P < 0.0001). The mean annual 25(OH)D
concentration was 25.1 ng/mL (95% confidence interval: 24.7, 25.5), and the mean peak-trough difference was
9.6 ng/mL (95% confidence interval: 8.5, 10.7). Male sex, higher latitude of study site, and greater physical activity
levels were associated with larger peak-trough difference in 25(OH)D concentration (each P < 0.05). Serum
concentrations of intact parathyroid hormone and bone-specific alkaline phosphatase also varied in a sinusoidal
fashion (P < 0.0001), inversely to 25(OH)D. In conclusion, serum 25(OH)D varies in a sinusoidal manner, with large
seasonal differences relative to mean concentration and laboratory evidence of biologic sequelae. Single 25(OH)D
measurements might not capture overall vitamin D status, and the extent of misclassification could vary by de-
mographic and behavioral factors. Accounting for collection time may reduce bias in research studies and improve
decision-making in clinical care.

alkaline phosphatase; parathyroid hormone; seasons; vitamin D

Abbreviations: BAP, bone-specific alkaline phosphatase; BMI, body mass index; CHS, Cardiovascular Health Study; GFR,
glomerular filtration rate; 25(OH)D, 25-hydroxyvitamin D; PTH, parathyroid hormone.

Measurement of circulating 25-hydroxyvitamin D
(25(OH)D) concentration has garnered widespread interest
in clinical medicine and research (1–3). A person’s concen-
tration of 25(OH)D is widely accepted as a marker of total
vitamin D intake from cutaneous synthesis and dietary con-
sumption, its 2 biologic sources, because it rises proportionally
to ultraviolet light exposure and dietary supplementation
(1–3). Low 25(OH)D concentration has become increasingly
common in modern society because of decreased outdoor
activity, increased sunscreen use, increasing adiposity, and
changes in foods consumed (4). Moreover, a low 25(OH)D
concentration has been associated with increased risks of
numerous chronic diseases, including cancer, cardiovascular

disease, and autoimmune diseases, such as type 1 diabetes
mellitus and multiple sclerosis (2, 3). These associations are
supported by biologic evidence from animal-experimental
studies, which demonstrate clear effects of vitamin D that
relate to these disease processes.

Circulating 25(OH)D concentrations vary substantially
within individuals and populations over the calendar year
and are highest at the end of summer and lowest at the end
of winter (5–8). This variation is likely due to seasonal
differences in exposure to ultraviolet light, the main source
of vitamin D for most people. However, current recommen-
dations for using 25(OH)D concentrations to determine need
for and dose of vitamin D supplements do not account for
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time of measurement (1–3, 9). As a result, clinical decisions
regarding initiation and dosage of year-long vitamin D sup-
plementation are likely to be heavily influenced by time of
ascertainment, which is often arbitrary. In addition, for clinical
research, current analytic methods to account for seasonal
25(OH)D variation may result in bias toward or away from
the null (10).

Further understanding of seasonal variation in 25(OH)D
concentration is needed to improve methods of ascertaining
vitamin D status. Therefore, in the present study, we evaluated
seasonal variation in 25(OH)D levels in a community-based
population at risk of low 25(OH)D concentrations (older
adults), focusing on the pattern and extent of variation, de-
terminants of variation, and the extent to which use of a single
25(OH)D measurement may misclassify year-long 25(OH)D
exposure.

MATERIALS AND METHODS

Study participants

The Cardiovascular Health Study (CHS), a prospective,
community-based cohort study, was designed to examine risk
factors for the development and progression of cardiovascular
disease in people 65 years of age or older (11). Participants
were recruited from 4 communities in the United States:
Forsyth County, North Carolina (latitude north 36�6’);
Sacramento County, California (latitude north 38�35’);
Washington County, Maryland (latitude north 39�38’); and
Pittsburgh, Pennsylvania (latitude north 40�27’). Subjects who
were not institutionalized and who were expected to remain
in the area for at least 3 years were selected from Medicare
eligibility lists. Persons who were wheelchair-bound in the
home or who were receiving hospice treatment, radiation
therapy, or chemotherapy for cancer were excluded. The
original CHS cohort of 5,201 participants was enrolled in
1989–1990, with an additional 687 predominantly black par-
ticipants enrolled in 1992–1993. We measured serum 25(OH)D
concentrations at the 1992–1993 study visit for CHS par-
ticipants who had no clinical evidence of cardiovascular
disease at that time and who had available frozen serum
(n ¼ 2,312) (12, 13). The present study was restricted to
whites and blacks because of extremely low numbers of
other races (n ¼ 14); this resulted in 2,298 participants for
this analysis.

Laboratory measurements

Fasting serum was collected from CHS participants at the
1992–1993 study visit and stored at�70�C. Time of collection
was classified as calendar month. Total 25(OH)D (including
25-hydroxyvitamins D2 and D3) levels were measured from
previously unthawed serum using high performance liquid
chromatography-tandem mass spectrometry on a Quattro
Micro mass spectrometer (Waters Corporation, Milford,
Massachusetts) at the University of Washington Clinical
Nutrition Research Unit (Seattle, Washington). The interassay
coefficient of variation was less than 3.4%, and the working
range was 1–200 ng/mL. Calibration of the assay was con-
firmed by using the National Institute of Standards and

Technology control material SRM-972 (14). It has been
shown that 25(OH)D is stable for long periods of time
at�70�C (15). Intact serum parathyroid hormone (PTH) levels
were measured by using the Unicel DxI 800 immunoassay
system (Beckman Coulter, Inc., Brea, California) (second
generation 2-site immunoassay; coefficient of variation, 6.7%;
working range: 1–3,500 pg/mL). The Unicel DxI 800 im-
munoassay system (Beckman Coulter, Inc.) was also used to
measure bone-specific alkaline phosphatase (BAP; ostease
immunoassay). Serum calcium and phosphorus were mea-
sured using the UniCel DxC 880i Synchron Access clinical
system (Beckman Coulter, Inc.). Calcium values were not
adjusted for albumin levels.

Covariate data

Covariates were ascertained at the 1992–1993 CHS study
visit. Age, sex, race (white or black), and overall health status
were defined by self-report. Medication inventories were
completed by CHS staff using participants’ prescription and
nonprescription medication bottles (11). Total physical activ-
ity was quantified in kilocalories expended per week by using
validated questionnaires that assessed a broad range of com-
mon activities (16). Having diabetes was defined as use of
insulin or oral hypoglycemic agents and/or having a fasting
blood glucose level of 126 mg/dL or higher (17). Body mass
index (BMI) was calculated as weight in kilograms divided
by height in meters squared. Serum cystatin C was measured
using a BNII nephelometer (Dade Behring, Deerfield, Illinois)
that used a particle-enhanced immunonephelometric assay
(N Latex Cystatin-C) and was used to estimate glomerular
filtration rate (GFR) using the equation: GFR ¼ 76.7 3
(cystatin C)�1.19 (18). To further evaluate whether genetic
differences might influence variation in 25(OH)D, we as-
sessed genotypes for 4 single nucleotide polymorphisms that
were previously associated with 25(OH)D concentration in
a genome-wide association study (19). Each of these single
nucleotide polymorphisms is located in or near a gene known
to be involved in vitamin D metabolism: vitamin D-binding
protein (rs2282679), CYP2R1 (25-alpha hydroxylase,
rs10741657), 7-dehydrocholesterol reductase (rs12785878),
and CYP24A1 (24-alpha hydroxylase, rs6013897). Genotypes
were called using Illumina BeadStudio software (Illumina,
Inc., San Diego, California) on the basis of single nucleotide
polymorphisms measured using the Illumina 370CNV
BeadChip system, with number of imputed (estimated) minor
alleles categorized as less than 0.5, 0.5–1.5, or greater than 1.5.

Statistical methods

The distribution of mean 25(OH)D levels was plotted by
calendar month. On the basis of observed data and published
reports that 25(OH)D levels followed a sinusoidal pattern, we
fit a cosinor model to the data (5, 6). In the cosinor model, the
dependent variable (25(OH)D) is modeled as a sine wave
characterized by phase shift (location of peak and trough
levels on the time axis), height (vertical shift of the sine wave),
and amplitude (maximum variation of the sine wave from its
mean height) (20). This model can be used to derive annual
mean 25(OH)D concentrations (mean height) and estimate
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the magnitude of seasonal variation (amplitude). Moreover,
this model can be used to assess independent determinants
of mean 25(OH)D and its seasonal variation.

In the cosinor model, the time variable t (month) is trans-
formed as cos(t) and sin(t), which are then fit as predictors of
25(OH)D in a linear model. The resulting coefficients of the
cos(t) and sin(t) predictors are then transformed to give the
amplitude and phase shift of the sinusoidal curve. The present
article reports the total peak-trough difference, which is equal
to twice the amplitude. The annual mean is the intercept term
of the model. In adjusted models, covariates are centered at
their study means so that the reported annual mean 25(OH)D
concentration is standardized to mean covariate values of
the study population.

Adjustment for other covariate effects on the yearly mean
is accomplished by adding terms to the regression model,
as in standard regression. These adjustments correspond to
shifting the sinusoidal curve up or down. Covariate effects
on the phase shift and amplitude of the sinusoidal curve are
modeled by including interactions between the cos(t) and
sin(t) terms with the covariate.

Improvement in model fit between nested models was as-
sessed by using likelihood ratio tests and adjusted R2 terms.
Standard errors and confidence intervals for the amplitude
parameter were calculated by applying the Delta method be-
cause amplitude is a function of several covariates in the
regression model (21). A multivariate Wald test was used
to test the null hypothesis that amplitudes do not differ by
covariate level. Model-based standard errors for regression
parameters were used, which assume that errors are homo-
scedastic and normally distributed. Model-checking revealed
no noticeable departures from this assumption.

To assess potential misclassification of year-long 25(OH)D
concentrations by a single 25(OH)D measurement, the co-
efficients from a cosinor model were used to predict annual
mean 25(OH)D concentration for each participant. This model
was adjusted for age, sex, race, study site, physical activity
level, diabetes, estimated GFR, and interactions of sex, study
site, and physical activity with time to best predict the annual
mean 25(OH)D concentration while maintaining a parsi-
monious model. Concordance was then assessed by cross-
classifying the deficient/sufficient 25(OH)D concentration
(<20 ng/mL or �20 ng/mL) (1) as determined by each
participant’s measured value versus his/her predicted mean
annual value.

Parallel cosinor models were created for PTH, BAP, cal-
cium, and phosphorus. The biomarkers PTH and BAP were
log-transformed to yield residuals that were more normally
distributed and because of the belief that these markers may
vary seasonally on a multiplicative scale. Unlike 25(OH)D,
calcium, and phosphorus, PTH and BAP tend to vary on
a multiplicative scale rather than an additive one; log trans-
formation transforms these variables to an additive scale for
analysis. Values for these biomarkers are presented as geo-
metric means, and the peak-trough difference thus repre-
sents the ratio of the peak to the trough of the geometric means.

Analyses were done using STATA, version 10.0 (StataCorp
LP, College Station, Texas) and R, version 2.9.2 (R Foundation
for Statistical Computing, Vienna, Austria) running on a Mac
computer using OS X (Apple, Inc., Cupertino, California). No

adjustment to confidence intervals or P values was made for
multiple comparisons.

RESULTS

Study population

All participants were older than 65 years of age, and 976
were 75 years of age or older (43%, Table 1). A total of 333
participants were black (14.5%), and 1,603 were women
(70%). Distributions by age, sex, and clinical site did not
vary substantially by season of measurement, but relatively
few black participants (n ¼ 18, 3%) were assessed during
summer months. The mean level of 25(OH)D was 25.3 ng/mL
(standard deviation, 10.4), of which 23.2 ng/mL (standard
deviation, 10.0) was 25-hydroxyvitamin D3. Levels of 25-
hydroxyvitamin D2 were detectable for 522 participants
(23%).

25-Hydroxyvitamin D

The monthly population mean 25(OH)D concentrations
followed a sinusoidal pattern (Figure 1). The lowest 25(OH)D
concentrations occurred in March and peak concentrations
occurred in September. The cosinor model fit observed data
significantly better than did a mean model, which included
adjustments only for yearly mean 25(OH)D concentration
(P< 0.0001, adjusted R2 ¼ 0.111). Adding the main effects of
age, sex, race, site, BMI, estimated GFR, diabetes mellitus,
and physical activity level to the cosinor model (allowing
vertical shift of the sine wave by covariate status) further
improved the model fit (P < 0.0001, adjusted R2 ¼ 0.225).
Further addition of interactions of these covariates with time
(allowing for differences in amplitude and phase shift of the
sine wave by covariate status) improved the model fit to a
smaller extent (P ¼ 0.004, adjusted R2 ¼ 0.231).

In the unadjusted cosinor model, the mean 25(OH)D con-
centration over the calendar year was 25.1 ng/mL (95%
confidence interval: 24.7, 25.5), and the estimated peak-
trough difference in the population 25(OH)D concentration
was 9.6 ng/mL (95% confidence interval: 8.5, 10.7). In ad-
justed models, male sex and greater physical activity were
each associated with higher annual mean 25(OH)D concen-
trations (upward shift of the sign wave) and greater peak-
trough differences in 25(OH)D concentrations (greater sine
wave amplitude) (Table 1 and Figure 2A). Being black and
having a greater BMI, an older age, and diabetes were all
associated with lower mean 25(OH)D concentrations but not
with a difference in the amplitude of seasonal variation (Table 1
and Figure 2B). Mean 25(OH)D concentrations were highest in
Sacramento County, California, and peak-trough differences
showed a strong direct correlation with study site latitude (low-
est in Forsyth County, North Carolina (latitude north 36�6#);
highest in Pittsburgh, Pennsylvania (latitude north 40�27#)).

Other biomarkers

PTH and BAP concentrations also exhibited seasonal var-
iation (Figure 3; each P value comparing the cosinor model
with the mean model < 0.0001). Compared with 25(OH)D,
the magnitude of variation was somewhat smaller, and peak
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and trough concentrations occurred in opposite seasons,
with trough levels in February–March and peak levels in
August–September.

The peak geometric mean PTH concentration was estimated
to be 1.20 times higher than its trough (95% confidence
interval: 1.15, 1.26). Annual geometric mean PTH con-

centrations were higher for participants who were older,
black, female, and more obese and who had lower GFRs
(Appendix Table 1). The geometric mean PTH also varied
by geographic location but not by physical activity level.
Seasonal variation in PTH (peak-trough difference) differed
only by sex (greater for men).

Table 1. Annual Mean 25-Hydroxyvitamin D Concentration and Mean Peak-Trough Difference in 25-Hydroxyvitamin D Concentration Among

2,298 Participants in the Cardiovascular Health Study, 1992–1993a

Characteristic
No. of

Subjects
%

25(OH)D
Annual Meanb,

ng/mL
95% CI

25(OH)D
Mean Peak-Trough
Difference, ng/mL

95% CI

Age, years

<75 1,322 57.5 25.5 25.0, 26.0 8.4 6.9, 9.8

�75 976 42.5 24.5 23.9, 25.1 6.7 5.1, 8.4

P for difference 0.013 0.133

Race

White 1,965 85.5 26.1 25.7, 26.6 7.6 6.5, 8.7

Black 333 14.5 19.1 17.8, 20.5 6.6 2.5, 10.7

P for difference <0.0005 0.652

Study site

Forsyth County, North Carolina 682 29.7 25.4 24.7, 26.1 5.5 3.4, 7.5

Sacramento County, California 552 24.0 26.4 25.6, 27.1 6.9 4.8, 9.0

Washington County, Maryland 560 24.4 24.2 23.4, 25.0 8.4 6.3, 10.6

Pittsburgh, Pennsylvania 504 21.9 24.4 23.5, 25.2 10.3 7.9, 12.6

P for difference <0.0005 0.014

Sex

Female 1,603 69.8 24.0 23.6, 24.5 6.8 5.5, 8.1

Male 695 30.2 27.6 26.9, 28.3 9.4 7.4, 11.3

P for difference <0.0005 0.026

Body mass indexc

<25 884 38.5 26.7 26.0, 27.3 7.5 5.8, 9.2

25–30 948 41.3 25.0 24.4, 25.6 7.9 6.3, 9.6

>30 466 20.3 22.5 21.6, 23.3 6.3 3.9, 8.7

P for difference <0.0005 0.531

Estimated glomerular filtration rate,
mL/minute/1.73 m2

>60 1,892 82.3 25.2 24.8, 25.7 7.6 6.4, 8.8

�60 406 17.7 24.7 23.7, 25.6 8.3 5.6, 10.9

P for difference 0.299 0.639

Diabetes

No 2,036 88.6 25.5 25.0, 25.9 7.3 6.1, 8.4

Yes 262 11.4 22.8 21.6, 23.9 8.8 5.7, 11.9

P for difference <0.0005 0.347

Physical activity, kcal/week

<510 767 33.5 23.4 22.7, 24.0 4.4 2.6, 6.3

510–1,530 761 33.2 24.8 24.1, 25.4 7.8 6.0, 9.6

>1,530 761 33.2 27.0 26.3, 27.7 8.7 6.8, 10.6

P for difference <0.0005 0.004

Abbreviations: CI, confidence interval; 25(OH)D, 25-hydroxyvitamin D.
a Models were adjusted for the main effect of age, race, sex, and study site.
b Annual means were centered to reflect study population values for age, race, sex, and study site.
c Weight (kg)/height (m)2.
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The peak geometric mean BAP concentration was estimated
to be 1.11 times higher than its trough (95% confidence
interval: 1.06, 1.16). Geometric mean BAP concentrations
were higher for participants who were black, female, and more
obese, and these concentrations also varied by geographic
location (Appendix Table 1). Seasonal variation in BAP (peak-
trough difference) was not statistically different by any of the
covariates tested. Serum calcium and phosphorus concentra-
tions did not differ by season (Figure 3; each P value compar-
ing the cosinor model with the mean model > 0.25).

Genetic effects

Genetic variations in the 4 single nucleotide polymorphisms
previously associated with the 25(OH)D concentration were
associated with annual mean 25(OH)D concentrations but
not with seasonal 25(OH)D variations (Appendix Table 2).
Analyses of genetic data included only white participants to
reduce the risk of population stratification.

Reclassification

Classification of the measured 25(OH)D concentration and
the estimated annual mean 25(OH)D concentration differed
for 9% of participants (Table 2). A total of 16% of the par-
ticipants with a 25(OH)D level of 20 ng/mL or higher during
summer months had an estimated annual mean 25(OH)D
level less than 20 ng/mL, and 8% of participants with a
25(OH)D level less than 20 ng/mL during winter months had
an estimated annual mean 25(OH)D of 20 ng/mL or higher.

DISCUSSION

In the present large, community-based study of older adults,
the serum 25(OH)D concentration varied in a sinusoidal
pattern throughout the calendar year, and the extent of this
variation (peak-trough difference ¼ 9.6 ng/mL) was large
compared with the annual mean concentration (25.1 ng/mL).
As a result, use of single 25(OH)D measurements without

accounting for time of collection led to misclassification of
estimated long-term vitamin D exposure, particularly when
25(OH)D was measured during summer or winter months.
The main implication of these findings is that analytic ap-
proaches that accurately account for collection time, perhaps
based on the sinusoidal model presented here, might more
accurately inform clinical decisions regarding year-long
vitamin D supplementation and reduce bias when the
25(OH)D concentration is used to assess health risk in clinical
research studies.

In many prior epidemiology studies, investigators have ob-
served seasonal variation in 25(OH)D concentrations (5–8).
Sherman et al. (5) and Bolland et al. (6) suggested that this

Figure 1. Fitted sinusoidal model for observed serum 25-hydroxy-
vitamin D (25(OH)D) concentration superimposed on plot of observed
monthly mean (standard deviation) values for 25-hydroxyvitamin D
concentration among 2,298 participants in the Cardiovascular Health
Study, 1992–1993. Bars, 1 standard deviation.

Figure 2. Modeledmean serum concentrations of 25-hydroxyvitaminD
(25(OH)D) over the course of the calendar year by sex and race,
adjusted for the main effects of age and clinical site, Cardiovascular
Health Study, 1992–1993. A) Compared with women, men had higher
mean 25(OH)D concentrations throughout the year and greater seasonal
variation. B) Compared with black participants, white participants
had higher mean 25(OH)D concentrations throughout the year but no
difference in seasonal variation.
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variation might be best captured using a sine function. The
present work builds on those observations by demonstrating
the robust nature of a cosinor model in a large, community-
based population with racial diversity by using this model to
demonstrate clinical characteristics that affect seasonal var-
iation in 25(OH)D concentration and by applying this model
to complementary circulating makers of mineral metabolism.

As in other studies, the mean levels of 25(OH)D varied by
age, race, sex, geographic location, BMI, presence of diabetes
mellitus, and physical activity level (4, 6, 7, 22). In addition,
the extent of seasonal variation in 25(OH)D varied by age,
sex, geographic location, and physical activity level but not by
race or BMI. Thus, younger participants, men, and partici-
pants who reported more physical activity had higher mean
25(OH)D concentrations throughout the calendar year (up-
ward shift of the 25(OH)D sine wave) and greater seasonal
variation in 25(OH)D (larger peak-trough difference), and
participants in more northern study sites had larger seasonal
25(OH)D variations. Across these clinical characteristics,
differences in 25(OH)D were accentuated during summer
compared with winter. This pattern can be fully explained by
differences in ultraviolet light exposure.

In contrast, black participants (compared with white par-
ticipants) and more obese participants had lower 25(OH)D
concentrations throughout the calendar year (downward shift
of the 25(OH)D sine wave) but no statistically significant
differences in seasonal variation in 25(OH)D (roughly parallel
25(OH)D sine waves over the calendar year). Skin pigmenta-
tion directly affects the amount of vitamin D produced in skin
upon a given dose of ultraviolet radiation (23). As a result, we
expected seasonal 25(OH)D variation to be smaller among
black participants because of a smaller increase in summer
vitamin D synthesis. Lack of a racial difference in seasonal
25(OH)D variation is thus a pertinent negative finding that
should be confirmed or disproved in future studies. In partic-
ular, the relatively few black participants in whom 25(OH)D
was measured during summer might have limited our ability

Figure 3. Fitted sinusoidal model for observed serum concentrations of parathyroid hormone (PTH), bone-specific alkaline phosphatase (BAP),
calcium, and phosphate, each superimposed on plot of observed monthly mean (standard deviation) values, Cardiovascular Health Study,
1992–1993. PTH and BAP are presented on the geometric mean (log) scale. Bars, 1 standard deviation.

Table 2. Classification of 25-Hydroxyvitamin D Concentrations

Comparing Single Measured Values With Estimated Annual Mean

Values Among 2,298 Participants in the Cardiovascular Health

Study, 1992–1993

Measured 25(OH)D
by Season

No. of Participants
by Estimated
Annual Mean

25(OH)D, ng/mL

Concordance,
%

<20 ‡20

All seasons, ng/mL

<20 684 60 92

�20 136 1,409 91

Summer, ng/mL

<20 106 0 100

�20 88 469 84

Winter, ng/mL

<20 240 41 92

�20 0 296 100

Abbreviation: 25(OH)D, 25-hydroxyvitamin D.
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to detect a racial difference in seasonal variation in the
present study. More obese persons were previously observed
to have less seasonal variation in 25(OH)D concentration,
perhaps because of adipose tissue buffering of circulating
levels or decreased summer sunlight exposure (6, 22). In the
present study, a BMI of 30 or higher was associated with
slightly less 25(OH)D variation, but this difference was small
and not statistically significant.

Classification of 25(OH)D status differed using single mea-
sured 25(OH)D concentrations compared with estimated
annual mean 25(OH)D concentrations. This approach posits
that mean long-term 25(OH)D exposure is most relevant
for health (10). It is also possible that the yearly 25(OH)D
concentration nadir affects health, and comparing single mea-
sured 25(OH)D concentrations and estimated annual nadir
25(OH)D concentrations results in even more differential
classification of 25(OH)D status (6). Thus, whether mean or
nadir 25(OH)D concentrations are important, seasonal var-
iation meaningfully impacts classification. The Institute of
Medicine recently called for additional study of non-bone
vitamin D actions to advise public health policy regarding
vitamin D supplementation and fortification (1). Accurate
classification of 25(OH)D concentration is important for such
studies.

Mean serum concentrations of PTH and BAP varied in
a sinusoidal fashion reciprocal to 25(OH)D concentration.
PTH secretion is suppressed by vitamin D, and the elevated
PTH concentration is often viewed as a marker of vitamin D
insufficiency (9). BAP is secreted from osteoblasts and is a
biomarker of bone turnover. Insufficient vitamin D is a
known risk factor for osteoporosis, which is characterized by
high bone turnover. Therefore, reciprocal relations with PTH
and BAP suggest that seasonal changes in 25(OH)D may
have biologic effects.

The present study confirmed that PTH concentrations tend
to be higher for people who are older and/or black and/or
who have lower GFRs (5, 24, 25). Mean annual PTH con-
centrations were higher among women, and the seasonal
PTH variation was greater in men, which could be explained
by differences in mean 25(OH)D and 25(OH)D variation,
respectively. BAP concentrations were higher for participants
who were female, black, and/or obese. These associations may
reflect increased bone turnover related to lower 25(OH)D
levels.

Common genetic polymorphisms previously associated
with 25(OH)D concentration in a large meta-analysis (19)
were strongly associated with the annual mean 25(OH)D
concentration but not with the amount of seasonal variation
in 25(OH)D concentration. Based on biologic action, genetic
variability in 7-dehydrocholesterol reductase, which is in-
volved in cutaneous vitamin D synthesis, may have been
expected to influence seasonal variation in 25(OH)D. Our
results suggest that examined genetic polymorphisms affect
vitamin D metabolism downstream from cutaneous vitamin D
synthesis and, thus, the association with annual mean but not
the amount of seasonal variation.

The main limitation of the present study is that variation
in 25(OH)D and other biomarkers was assessed in cross-
sectional analyses rather than by using multiple longitudinal
measurements within individuals. Estimates of seasonal

25(OH)D variation relative to mean 25(OH)D concentrations
from this study are still likely to be valid because mean
seasonal 25(OH)D variation on the population level is likely
to be equal or similar to the mean seasonal 25(OH)D variation
of the individuals who comprise it. However, this study is un-
able to estimate the specific distribution of seasonal 25(OH)D
variation for individuals. To validate any approach estimat-
ing year-long 25(OH)D exposure for an individual, investi-
gators should first measure seasonal variation in 25(OH)D
within individuals over time. It would also be useful to test
whether randomly timed measurements of 25(OH)D concen-
tration, season-specific 25(OH)D measurements, or a validated
estimate of year-long 25(OH)D exposure most closely asso-
ciates with adverse health outcomes. In addition, the present
study included only older adults from 4 US communities,
which limited external validity. Further limitations include
no available information on dietary or supplemental sources
of vitamin D and no direct measure of sun exposure; this
analysis used physical activity as a maker for sun exposure,
but not all physical activities occur outdoors, and use of sun
protection varies widely.

The present study represents a first step toward more accu-
rately classifying long-term vitamin D sufficiency. Ultimately,
it may be useful to develop and validate equations that es-
timate year-long 25(OH)D exposure from single 25(OH)D
measurements to better guide decisions for vitamin D sup-
plementation in clinical practice and to reduce misclassifi-
cation bias in clinical research. Further studies that seek to
improve classification of vitamin D status can draw upon the
cosinor model developed in this study and should take into
account the clinical characteristics observed to be related to
25(OH)D concentration and its seasonal variation.
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Appendix Table 1. Annual Geometric Mean and Peak:Trough Ratios in Parathyroid Hormone and Bone Alkaline Phosphatase Concentrations

Among 2,298 Participants in the Cardiovascular Health Study, 1992–1993a

Characteristic

Parathyroid Hormone Bone Alkaline Phosphatase

Annual
Geometric Meanb,

pg/mL
95% CI

Peak:Trough
Ratio

95% CI
Annual

Geometric Meanb,
mg/L

95% CI
Peak:Trough

Ratio
95% CI

Age, years

<75 49.6 48.5, 50.7 1.16 1.08, 1.24 13.6 13.3, 13.9 1.11 1.04, 1.18

�75 53.7 52.3, 55.2 1.18 1.10, 1.27 14.0 13.7, 14.3 1.08 1.01, 1.15

P for difference <0.0005 0.668 0.065 0.528

Race

White 50.7 49.7, 51.7 1.17 1.11, 1.23 13.7 13.4, 13.9 1.09 1.04, 1.14

Black 54.9 51.6, 58.5 1.14 0.95, 1.36 14.7 13.9, 15.6 1.17 1.04, 1.32

P for difference 0.016 0.805 0.011 0.266

Study site

Forsyth County, North Carolina 51.1 49.5, 52.8 1.25 1.15, 1.37 14.0 13.6, 14.4 1.08 0.99, 1.17

Sacramento County, California 54.6 52.7, 56.6 1.15 1.05, 1.27 13.2 12.7, 13.6 1.10 1.01, 1.20

Washington County, Maryland 49.0 47.3, 50.8 1.14 1.03, 1.25 13.6 13.1, 14.0 1.06 0.97, 1.16

Pittsburgh, Pennsylvania 50.5 48.7, 52.4 1.11 1.00, 1.23 14.5 14.0, 15.0 1.12 1.02, 1.23

P for difference <0.0005 0.271 <0.0005 0.829

Sex

Female 52.2 51.1, 53.2 1.10 1.04, 1.17 14.2 13.9, 14.4 1.10 1.04, 1.16

Male 49.6 48.1, 51.2 1.32 1.21, 1.44 12.9 12.5, 13.3 1.05 0.97, 1.14

P for difference 0.01 0.001 <0.0005 0.399

Body mass indexc

<25 48.3 46.9, 49.6 1.21 1.12, 1.31 13.6 13.2, 13.9 1.12 1.04, 1.20

25–30 50.9 49.6, 52.3 1.13 1.05, 1.21 13.7 13.4, 14.0 1.10 1.03, 1.18

>30 58.6 56.4, 60.9 1.13 1.01, 1.26 14.4 13.9, 15.0 1.03 0.93, 1.13

P for difference <0.0005 0.337 0.013 0.375

Estimated glomerular filtration rate,
mL/minute/1.73 m2

�60 49.8 48.9, 50.8 1.16 1.10, 1.23 13.7 13.5, 13.9 1.10 1.05, 1.16

<60 59.1 56.6, 61.6 1.24 1.11, 1.38 14.1 13.6, 14.6 1.02 0.92, 1.12

P for difference <0.0005 0.309 0.203 0.143

Diabetes

No 51.5 50.5, 52.4 1.16 1.10, 1.22 13.7 13.5, 13.9 1.07 1.02, 1.12

Yes 49.9 47.4, 52.6 1.21 1.04, 1.39 14.1 13.4, 15.0 1.21 1.05, 1.41

P for difference 0.27 0.631 0.301 0.118

Physical activity, kcal/week

<510 52.7 51.1, 54.4 1.14 1.05, 1.25 14.0 13.6, 14.4 1.08 1.00, 1.17

510–1,530 51.0 49.5, 52.5 1.11 1.02, 1.21 13.9 13.5, 14.2 1.03 0.95, 1.11

>1,530 50.5 48.9, 52.2 1.24 1.13, 1.35 13.6 13.2, 14.0 1.15 1.07, 1.25

P for difference 0.144 0.189 0.364 0.099

Abbreviation: CI, confidence interval.
a Models were adjusted for the main effect of age, race, sex, and study site.
b Annual means were centered to reflect study population values for age, race, sex, and study site.
c Weight (kg)/height (m)2.
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Appendix Table 2. Annual Mean and Mean Peak-Trough Differences in 25-Hydroxyvitamin D Among 1,790 White Participants in the

Cardiovascular Health Study, 1992–1993a

No. of Minor Alleles
per SNP

No. of
Subjects

%

25-Hydroxyvitamin D, ng/mL

Annual
Meanb 95% CI

Mean Peak-Trough
Difference

95% CI

rs2282679

<0.5 899 50.2 27.7 27.1, 28.3 6.7 5.1, 8.4

0.5–1.5 740 41.3 25.3 24.6, 25.9 9.1 7.2, 11.0

>1.5 151 8.4 22.0 20.5, 23.6 8.3 3.9, 12.7

P for difference <0.0005 0.188

rs10741657

<0.5 727 40.6 25.4 24.7, 26.1 6.9 5.0, 8.4

0.5–1.5 809 45.2 26.3 25.6, 25.9 8.3 6.4, 10.1

>1.5 254 14.2 28.6 27.5, 23.6 8.7 5.5, 12.7

P for difference <0.0005 0.48

rs12785878

<0.5 973 54.4 26.7 26.1, 27.4 7.7 6.0, 9.4

0.5–1.5 683 38.3 25.8 25.0, 26.5 7.4 5.4, 9.3

>1.5 134 7.5 25.2 23.5, 26.8 8.5 4.1, 12.9

P for difference 0.054 0.895

rs6013897

<0.5 1,103 61.6 26.6 26.0, 27.2 6.9 5.3, 8.4

0.5–1.5 601 33.6 25.9 25.1, 26.7 8.6 6.5, 10.7

>1.5 86 4.8 23.7 21.6, 25.8 10.1 4.7, 15.5

P for difference 0.017 0.281

Abbreviations: CI, confidence interval; SNP, single nucleotide polymorphism.
a Models were adjusted for the main effect of age, sex, and study site.
b Annual means were centered to reflect study population values for age, sex, and study site.
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