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ORIGINAL ARTICLE

Vitamin D status assessed by a validated HPLC method: within and between variation in
subjects supplemented with vitamin D3

Jette Jakobsen1, Anette Bysted1, Rikke Andersen1, Teressa Bennett5, Christine Brot1, Susanne Bügel2, Kevin

D. Cashman5, Eberhard Denk3, Mary Harrington5, Birgit Teucher4, Thomas Walczyk3 and Lars Ovesen1

1National Food Institute, Technical University of Denmark, Søborg, Denmark; 2Faculty of Life Science, University of

Copenhagen, Frederiksberg, Denmark; 3Institute of Food Science, Zürich, Switzerland; 4Institute of Food Research, Norwich,

UK; 5University College Cork, Ireland

Objective. The aim of this study was to develop and validate a high-pressure liquid chromatography (HPLC)
method for assessing vitamin D status as 25-hydroxyvitamin D2 (S-25OHD2) and 25-hydroxyvitamin D3 (S-
25OHD3) in serum. Material and methods. We assessed the within- and between-subject variation of vitamin D
status in serum samples from four different dietary intervention studies in which subjects (n592) were
supplemented with different doses of vitamin D3 (5–12 mg/day) and for different durations (4–20 months).
Results. The HPLC method was applicable for 4.0–200 nmol S-25OHD/L, while the within-day and between-
days variations were 3.8 % and 5.7 %, respectively. There was a concentration-dependent difference between
results obtained by a commercial radioimmunoassay and results from the HPLC method of 25 to 20 nmol
25OHD/L in the range 10–100 nmol 25OHD/L. The between-subject variation estimated in each of the four
human intervention studies did not differ significantly (p50.55). Hence, the pooled standard deviation was
15.3 nmol 25OHD3/L. In the studies with 6–8 samplings during 7–20 months of supplementation, the within-
subject variation was 3.9–7.2 nmol 25OHD3/L, while vitamin D status was in the range 47–120 nmol/L.
Conclusions. The validated HPLC method was applied in samples from human intervention studies in which
subjects were supplemented with vitamin D3. The estimated standard deviation between and within subjects is
useful in the forthcoming decision on setting limits for optimal vitamin D status.
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Introduction

Serum 25-hydroxyvitamin D (S-25OHD) is accepted as

a valid biomarker of vitamin D status representing the

contribution from oral intake of the vitamin as well as

that synthesized in skin. During the summer, the

primary source of vitamin D for humans is the

metabolism of 7-dehydrocholesterol in the skin by
UV B radiation, whereas vitamin D in food is the

secondary source. During winter, oral intake of

vitamin D may be the primary source, as the

production in the skin is limited at latitudes above

35 ,̊ e.g. for 4 months in Boston, Mass., USA (42 N̊),

and for 6 months in Bergen, Norway (61 N̊) [1]. Oral

intake of vitamin D is the primary source all year round

for people not exposed to sunlight due to strictly living
indoors or to clothing.

There are different methods of determining S-

25OHD, and comparison studies have clearly demon-

strated a significant difference between the analytical

methods in use [2–4]. The main difference between the

two major analytical techniques, namely immunoas-

says and chemical high-pressure liquid chromatogra-

phy (HPLC) methods, is the ability of HPLC to

quantify each of the vitamin D metabolites of interest

(25OHD3 and 25OHD2), while immunological assays

only estimate the sum of 25OHD3 and 25OHD2. Some

of the immunoassays show lower affinity for 25OHD2

than for 25OHD3 and may detect a number of other

circulating vitamin D metabolites, e.g. 24,25-dihydrox-

yvitamin D, 25,26-dihydroxyvitamin D and 25OHD3-

26.23-lactone [5–8].

The aim of this study was to develop and validate

an HPLC method for quantifying 25OHD2 and

25OHD3 in serum, and to use this assay to assess

the within- and between-subject variation by using

serum samples from four dietary studies in which

subjects were supplemented with vitamin D3 of

differing doses and for varying duration.
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Analytical part – HPLC method

Reagents

All reagents were of analytical grade unless otherwise

stated. The n-heptane was HPLC grade from Merck

(LiChrosolv; Merck, Darmstadt, Germany) and 2-

propanol from Rathburn Chemicals Ltd. (Walkerburn,

Scotland). 25OHD3, w99 %, was from Calbiochem-

Novabiochem Co. (Calif., USA). One mg 25OHD2 was

a gift from Kobe Pharmaceutical University, Japan.

Stock solution of 50 mg 25OHD3/L was made in

ethanol. Molar absorption coefficients used were

18,584 for 25OHD3 and 19,400 for 25OHD2 [9].

Samples

We purchased in-house reference sera containing

25OHD3 from a blood bank (Rigshospitalet,

Copenhagen). Serum samples containing 25OHD3

and 25OHD2 were processed from blood drawn from

employees at the National Food Institute in

Denmark after oral administration of 10 mg vitamin

D2 for 4–6 weeks.

Certified reference materials were included (no.

968c; NIST, Gaithersburg, Md., USA). For precision

data, samples from other human intervention studies

were included.

Sample preparation

First, 500 mL serum was transferred to a 2 mL vial

(Eppendorf, Hamburg, Germany). One millilitre 99 %

ethanol was added to precipitate the proteins. The

solution was vigorously shaken and the vial was

centrifuged for 15 min at 3000g. In the interim, a solid

phase extraction (SPE) column (MFC18, 500 mg,

3 mL reservoir; Isolute, IST, Mid Glamorgan, UK)

was pre-conditioned in a vacuum manifold

(VacMaster, IST, Mid Glamorgan, UK) with 2 mL

each of n-heptane, 2-propanol, methanol and water.

Subsequently, the supernatant of the sample was

loaded. Interfering substances were eluted with 5 mL

water and 5 mL methanol:water (70:30). The SPE

column was then dried by centrifugation for 15 min at

3000g. Subsequently, 25OHD (25OHD2 and 25OHD3)

was eluted in one vial with 4 mL ethylacetate:n-

heptane (5:95) and 1 mL ethylacetate:n-heptane

(10:90) at a speed of 1 mL/min. Finally, the solvent

was evaporated in a vacuum centrifuge (Maxi Dry;

Heto, Allerød, Denmark) for 1 h, and the residue

dissolved in 250 mL 2-propanol:n-heptane (1.5:98.5).

Chromatographic conditions

A 100 mL sample extract was injected into the

HPLC system (Waters, Milford, Mass., USA),

which consisted of a 600 Controller and Pump, a

717PLUS Autosampler set at 5 C̊, a 2487

Absorbance Detector set at 265 nm and a 996

Photodiode Array Detector (DAD) set at 220–

320 nm. The column was a LUNA cyano (3 mm,

15064.6 mm I.D. from Phenomenex, Torrance,
Calif., USA) and the mobile phase 2-propanol:n-

heptane (1.5:98.5) at a flow rate of 1 mL/min. In a

few exceptional cases, this HPLC system was used

preparatively if unidentified interferences appeared

for 25OHD3 or to lower the quantitative detection

limit for 25OHD2. In these cases, the fractions of

25OHD2 and 25OHD3 were collected at max. 5 C̊

(Fraction Collector II; Waters, Milford, Mass.,
USA). The solvent was evaporated and re-dissolved

in 250 mL methanol:water (9:1). A 100 mL sample of

this solution was injected into the HPLC system

equipped with two LUNA C18(2) (5 mm,

15064.6 mm I.D., and 5 mm, 25064.6 mm I.D.;

Phenomenex, Torrance, Calif, USA), the mobile

phase methanol:water (9:1), and the flow rate at

1 mL/min.

Waters Millennium32 (Waters, Milford, Mass.,

USA) was used for acquisition and processing of all

the chromatograms and data.

Validation and performance of the HPLC method

Performance of the HPLC method was evaluated

according to the validation procedure established by

NMKL, i.e. linearity, detection and quantitation

limits, precision, accuracy and robustness [10].

Dietary studies of vitamin D supplemented subjects

Postmenopausal women participated in the four

human intervention studies conducted in the EU

5th Framework Programme OSTEODIET (Optimal
Nutrition towards Osteoporosis Prevention: Impact

of Diet and Gene-Nutrient Interaction on Calcium

and Bone Metabolism). The four studies were

conducted in Ireland (IRE), Denmark (DK), the

United Kingdom (UK) and Switzerland (CH) and

are described thoroughly elsewhere [11–14]. In all

four studies, the focus of the trial was bone

turnover markers affected by nutrients others than
vitamin D, i.e. protein, Na, Ca and vitamin K. To

avoid any possible confounding effect of seasonal

changes in vitamin D status, the subjects in each of

the diet-bone turnover studies were all given

supplements of vitamin D3 for 4–8 weeks prior to

and throughout the intervention period in order to

avoid the decrease in vitamin D status during

winter [15]. The dietary interventions per se in the
studies would not influence S-25OHD. Thus, serum
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samples collected from these participants offer the

potential to assess within and between variations in

S-25OHD. Information about number of subjects,

age, dosages and duration of vitamin D supple-

mentation and the number of blood samplings in

the intervention period is given in Table I. The

sampling in each of the studies was distributed

throughout the year.

Blood sampling

Blood was collected by venepuncture into vacutainer

tubes containing no additive (no. 368430; Becton

Dickinson, Franklin Lanes, N.J., USA). The blood

was clotted at 5 C̊ for a minimum of 2 h and

subsequently centrifuged at 3000g for 15 min at

5 C̊; serum samples were separated immediately and

then stored at 280 C̊ until analysis.

Statistical analysis

Linearity of the calibration curves from the HPLC

method was accepted if correlation coefficient,

rw0.99 and the residuals showed no significant

difference from zero by the studentized residuals of

linear regression analysis. Bland & Altman [16] and

Pearson’s correlation coefficient were used to com-

pare analytical methods, and Bartlett’s test for

homogeneity of the data from the four intervention

studies. The difference between supplementation

levels was tested by analysis of variance. The

Statistical Analysis System software package, version

9.1 (SAS Institute, Cary, N.C., USA) was used. P-

valuesv0.05 were considered statistically significant.

All results are mean¡standard deviation, unless
otherwise specified.

Results

Performance characteristics for the validated HPLC
method

Linearity

The calibration curve in the concentration range for

injection of 100 mL 0.024–0.48 nmol 25OHD3/mL
was established. Correlation coefficient w0.999 and

the studentized residuals of the linear regression

analysis were not significantly different from zero

(p>0.05). 25OHD3 was used as an external standard

for 25OHD3 and 25OHD2. The difference in absorp-

tion coefficient between 25OHD2 and 25OHD3 was

taken into account in the calculation for 25OHD2.

Detection and quantification limits

Chromatograms of a 25OHD3 in a standard extract

and 25OHD3 and 25OHD2 in a serum extract are

shown in Figures 1 and 2, respectively.

Detection and quantification limits were assessed

as 3 and 10 times the standard deviation of injection

of 25 blind samples, i.e. 0.9 % NaCl analysed as

Table I. General information about the human intervention studies, results for vitamin D status at the end of
supplementation and variation within and between subjects during supplementation.

Country

IRE DK UK CH

Subject characteristics

Number 31 31 13 17

Years of age (mean¡SD) 57.1¡5.1 62.5¡4.0 62.0¡5.0 66.5¡5.2

Supplementation with vitamin D3

Level (mg/day) 5.5 10.1 12.0 9.6

Duration (months) 4 8–11 11–20 7

Vitamin D status at the end of supplementation1

Mean (nmol/L) 72.0a 68.2a 67.3a 74.1a

Min (nmol/L) 47.4 47.9 52.4 50.1

Max (nmol/L) 110.3 103.4 92.1 119.5

Variation (SD) between subjects (nmol/L) 15.1a 15.7a 13.4a 16.1a

Variation within the subject during supplementation

Blood sampling visits (number) 3 4 6–8 6–7

Minimum variation for one subject (nmol/L) 1.8 2.2 4.6 1.4

Maximum variation for one subject (nmol/L) 15.2 25.2 9.6 8.4

Significance for homogeneity (p-value) v0.001 v0.001 0.66 0.14

Variation (SD) within the single study (nmol/L) NC2 NC2 7.23 3.93

1Values within a row with similar superscript letter are not significantly different (p>0.05). 2Not calculated due to inhomogeneous results.
3Pooled estimate.
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samples, respectively. If only SPE clean-up was used,

the quantitative detection limit was 6.0 nmol

25OHD3/L and 12 nmol 25OHD2/L. If preparative

HPLC was included, the quantification limit was

4.0 nmol/L for both components.

Precision

Within-day and between-days variation for S-25OHD3

showed significant dependence of concentration levels

in the range 8.3–128 nmol/L (pv0.01). Limiting the

interval to 20–128 nmol/L showed no significant

difference in variation (p50.39). These samples showed

coefficients of variation for between-days and within-

day of 5.7 % (n5805) and 3.8 % (n5241), respectively.

In the lowest concentration range, i.e. v20 nmol/L,
the standard deviations did not depend on level.

Therefore precisions were calculated in absolute values

to 1.2 nmol/L and 0.75 nmol/L, respectively. For S-

25OHD2, the between-days variation was estimated

using in-house references (16–34 nmol/l) to 11.3 %

(n5260).

Accuracy

Recovery of 25OHD3 added to samples at 25 to
175 nmol/L was 90.3 %¡5.7 % (n5350) over a period

of 3 years. In the two certified reference materials, the

results by the HPLC method for 25OHD were

32 nmol/L and 36 nmol/L, and within the limits of

the certified values of 36¡4 and 38¡4, respectively.

The specific results for 25OHD3 were 24 nmol/L and

27 nmol/L, which targeted the informative contents of

29 nmol/L and 31 nmol/L, respectively. The results
obtained for 25OHD2 were 7.4 nmol/L and 8.8 nmol/

L, which targeted the informative content of 4.6 and

6.9 nmol/L, respectively

The Vitamin D External Quality Assessment

Scheme (DEQAS) run for S-25OHD with 57–82

participating laboratories showed that results

obtained by the method compared to the mean value

of the reported value in 45 samples analysed over a
period of 3 years, were all within the average ¡2 SD

(89 % were within 1 SD). Over the 3 years, 30–39

laboratories used the most widely used commercial

RIA kit (DiaSorin, Stillwater, Minn., USA). A

Bland-Altman plot of the average of the results from

this method and the results obtained with the

presented HPLC method is shown in Figure 3.

There was a significant association between the
difference between the methods and the concentra-

tion of the samples (r50.76; pv0.0001). The results

for a linear regression of ‘‘DiaSorin on HPLC’’

showed a correlation coefficient of 0.97 and depen-

dence: ‘‘DiaSorin’’50.80*‘‘HPLC’’+7.3. For the

same period, the comparison between two HPLC

methods did not show any concentration dependence

(data not shown).

Robustness

To test the reliability of the method, the validation

included analyses of mixtures of different volumes of

sera (100–400 mL) with different concentrations of

25OHD2 and 25OHD3, which, prior to analyses, were

diluted to 500 mL with 0.9 % NaCl. The analytical

result was compared to the theoretical value esti-
mated from the known content of the serum used.

Figure 1. Standard solution of 25OHD3. Chromatogram
of 0.024 nmol 25OHD3 injected into a cyano-column and
detected at 265 nm.

Figure 2. Chromatogram of an extracted in-house refer-
ence serum sample with content of 47 nmol S-25OHD3/L
and 16 nmol S-25OHD2/L. Detection at 265 nm on a
cyano-column.
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These data are shown in a Bland-Altman diagram in

Figure 4.

The stability of the serum samples at 280 C̊

showed no loss of 25OHD for at least 3 years. At

220 C̊ an interfering peak appeared after 9

months, which made it necessary to include the

extra clean-up step described above in the

Chromatographic conditions section. However, no

change in concentration was observed within one

year. From 0 to 9 months the concentration was

72.5¡4.0 nmol 25OHD3/L (n557) and from 9 to

12 months 71.9¡3.5 nmol 25OHD3/L (n524).

Vitamin D status in vitamin D supplemented subjects

Vitamin D status at the end of intervention and

variation during the intervention are presented in

Table I. No significant difference was observed for

the between-subjects variation in the four studies
(p50.55). The pooled estimate for standard devia-

tion between subjects was 15.3 nmol/L. No signifi-

cant correlation was shown between the

supplementation level and the achieved S-25OHD

at the end of the supplementation periods (p50.34).

The variation within subject was inhomogeneous

for the studies conducted in IRE and DK, but

Figure 3. Bland-Altman diagram showing the comparison between the HPLC method and the results obtained by DiaSorin
assay in the international Vitamin D External Quality Assessment Scheme (DEQAS).

Figure 4. Check of robustness of the HPLC method by comparing theoretical and analysed values of mixed samples in a
Bland-Altman diagram.
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homogeneous for those conducted in the UK and

CH. No serum samples had content of 25OHD2

above the detection limit of 12 nmol/L.

Discussion

HPLC method

The HPLC method described uses a mono-functional

C18 SPE column to extract S-25OHD after precipita-

tion of proteins with ethanol. Other analysts have

used this principle, although SPE was used either in

combination with an extra C18 SPE column [17] or

with liquid/liquid extraction [18]. An alternative to

SPE is a liquid/liquid extraction with an organic

solvent [18–22], but the SPE is easier for technicians

and the process may be automated easily.

The interassay variation for 25OHD3 established

over the 3 years during which the four dietary studies

were conducted was 5.7 % in the range 20–128 nmol/

L; the intra-assay variation was 3.8 %. The precision

obtained is similar or even better compared to other

methods [18–21,23]. Use of an internal standard for

the calibration is not necessary in combination with

UV/DAD, so long as recovery is performed with a

high degree of precision and accuracy. Previous

methods have not used verification of the peak by

DAD spectrum, i.e. the control of a homogeneous

peak. Recently, the LC-MS/MS technique has been

introduced for the detection and quantitation of

S-25OHD [23–25]. As the use of LC-MS/MS does not

simplify the extraction and requires extra cost for a

unique internal standard, and, in addition, demands a

highly specialized laboratory technician, the combi-

nation of UV and DAD seems an effective and

reliable alternative.

For comparing between the HPLC method and

the DiaSorin RIA kit, we chose to use the results

from the DEQAS programme, as we have no

expertise in the performance of the RIA kit, which

could be an obstruction for reliable comparison. For

the present method, the correlation coefficient of the

linear regression, r50.97, indicated a linear relation-

ship. This comparison is usually used by the

manufacturers of RIA kits. However, the Bland-

Altman test [15] showed a significant dependence of

the concentration of the samples on the difference

between the two methods. If S-25OHD was lower

than 20 nmol/L, the HPLC method resulted lower

than with DisSorin; however, if S-25OHD was higher

than 80 nmol/L the results from the HPLC method

were higher, e.g. 20 nmol/L at 100 nmol/L.

Comparison between immunoassays and an HPLC

method conducted in the same laboratory showed a

similar concentration-dependent difference [4]. Other

comparison studies have demonstrated the signifi-

cance of the differences between methods applied for

the determination of 25OHD [2,3,26]. The cause of

the concentration-dependent difference might be the

characteristics of the calibration curves. In chemical

assay, a linear calibration curve is established in

which the intercept is usually zero. However, a

difference may still occur between two chemical

assays caused by different calibrators, but usually

this will be a displacement independent of the

concentration. In an immunoassay, the calibration

curve is non-linear and less predictable, as the

mathematical characteristics depend on the efficacy

of the antibody in particular. The lack of standardi-

zation of immunoassays is not unique to the

measurement of 25OHD, but is applicable in other

areas [27].

Within- and between-subjects variation in S-25OHD:
data from dietary intervention studies

The variation between subjects from four different

studies did not differ significantly, although the

duration of the supplementation period varied from

only 16 weeks up to 11–20 months. The subjects were

included in each of the studies at different times of the

year. The estimated value for within-subject and

between-subjects variation includes the seasonal

effect of sunshine during summer. The subjects’ sun

habits during summer were not controlled for.

However, the data showed no tendency toward a

seasonal effect, which might have been due to the

decrease in the elderly to produce vitamin D3 through

UV-B radiation [28,29]. The vitamin D supplementa-

tion level in the four studies was between 5.5 and

12 mg vitamin D3/day; however, no significant

difference in vitamin D status in the postmenopausal

women was detected at the end of the studies. These

findings are interesting in the context of the current

debate around defining optimal vitamin D status in

older subjects. Some researchers suggest that a level

of w50 nmol/L throughout the year is optimal [30],

while others suggest that as much as w75/80 nmol/L

is required [31]. The findings of the present study

might suggest that supplementation with relatively

low-dose vitamin D3 supplements was sufficient to

keep year-round serum 25OHD concentrations

w50 nmol/L in the vast majority of postmenopausal

women, but many women had serum 25OHD

concentrations below the other suggested cut-off

value of 75/80 nmol/L. Thus, strategies by which to

achieve these higher serum concentrations warrant

further investigation.

In contrast to the variation between subjects, the

within-subject variation differed in the four studies.
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The differences between the set-ups of the human

intervention studies, especially the number of sam-

plings, are probably the reason for the differences in

homogeneity. In the two studies with 6–8 blood

samples from each subject, the within-subject varia-

tion of S-25OHD was not significantly different,

while in the other two studies with 3–4 blood samples,

the within-subject variation was inhomogeneous.

The optimal vitamin D status has not yet been

defined, and according to inter-laboratory studies this

has to be linked to the method used. However, for

comparison of studies with respect to optimal vitamin

D status, it would be valuable, even necessary, to

establish a reference method, which ought to be a

specific chemical assay. Alternatively, the use of

certified reference materials for quality control should

be required for human intervention studies of vitamin

D. Due to the concentration-dependent difference

between immunoassay and HPLC methods, certified

reference materials should be available in a broad

concentration range, i.e. 10–100 nmol/L.

Conclusions

We validated an HPLC method with UV detection

for quantification and a DAD detector for verifica-

tion, i.e. homogeneity of the peaks of S-25OHD3 and

S-25OHD2. Over a period of 3 years, the performance

of the HPLC method showed results for precision

and accuracy which were similar, or even better than,

other published methods.

Compared to a commercial immunoassay, the

HPLC method showed a concentration-dependent

difference. The method was applied to samples from

four different dietary intervention studies in which

subjects were supplemented with vitamin D3 to avoid

seasonal variation. The between-subjects and within-

subject variations were estimated to 15 nmol 25OHD/

L and between 3.9 and 7.2 nmol 25OHD/L, respec-

tively. Vitamin D status was in the range 47–120 nmol

25OHD/L and was independent of the supplementa-

tion dosage, which differed from 5.5 to 12 mg/day.

These estimations might be useful in the forthcoming

decision to set limits for optimal vitamin D status.

Comparison with the results for vitamin D status

from other intervention studies should consider the

observed difference between analytical methods and

ensure inclusion of certified reference material in the

quality control of the method. However, certified

reference materials at difference levels are lacking.
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