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AIMS

Vitamin D deficiency is prevalent in HIV-infected patients and has been

associated with osteopenia and HIV disease progression. Our aims were

to investigate the pharmacokinetics of 25-hydroxycholecalciferol

[25(OH)D], the effect of antiretroviral treatment (ARV) and others

factors that may influence the pharmacokinetics, and to determine a

vitamin D3 dosing scheme to reach the 30 ng ml-1 threshold (defined as

25(OH)D sufficiency).

METHODS

This monocentric retrospective study included 422 HIV-infected

patients aged 16 to 85 years. A total of 723 25(OH)D concentrations

were available for pharmacokinetic evaluation and a population

pharmacokinetic model was developed with MONOLIX 3.2.

RESULTS

Median 25(OH)D at baseline was 16 ng ml-1 (interquartile range

11–23 ng ml-1) for the total population, 17% of patient had

concentrations below 10 ng ml-1, 68% between 10 and 30 ng ml-1 and

15% above 30 ng ml-1. 25(OH)D pharmacokinetics were best described

by a one compartment model with an additional endogenous

production. The effects of season and skin phototype were significant

on production rate. The endogenous production was 20% lower in

non-white skin phototype patients and was decreased by 16% during

autumn, winter and spring. No significant differences in 25(OH)D

concentrations were related to antiretroviral drugs (ARV). To obtain

concentrations between 30 and 80 ng ml-1, the dosing

recommendation was 100 000 IU every month.

CONCLUSIONS

Season and skin phototype had an influence on the endogenous

production of 25(OH)D. However no effect of ARV was found. A dosing

scheme to reach sufficient 25(OH)D concentrations is proposed.

WHAT IS ALREADY KNOWN ABOUT

THIS SUBJECT

• Prevalence of vitamin D deficiency in

HIV-infected adult patients has been

reported in many studies and shown to be

particularly high in this population. Vitamin

D deficiency has been shown to be related

to a higher risk of mortality and HIV-disease

progression.

WHAT THIS STUDY ADDS

• This is the first population pharmacokinetics

analysis of 25-hydroxycholecalciferol

(25(OH)D) in HIV-infected adult patients.

Season and skin phototype appear to be

the main covariates which influence

25(OH)D concentrations. Thus a vitamin D3

supplementation scheme taking into

account these covariates is proposed to

reach sufficient 25(OH)D concentrations in

HIV-infected adults.
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Introduction

The concentration of 25-hydroxycholecalciferol [25(OH)D,

calcidiol], reflects vitamin D status, and a cut off of

30 ng ml-1 has been advised to reduce the risk of periph-

eral fractures, osteopenia and rickets [1–4]. There is no

consensus about the vitamin D deficiency cut off, since it

could vary from 10 to 20 ng ml-1 [1, 5, 6], whereas vitamin

D insufficiency is usually defined as a concentration of

less than 30 ng ml-1 [3, 6, 7]. Vitamin D toxicity has been

reported only for concentrations above 150 ng ml-1,

however the expert panel recommends an upper safety

limit of 100 ng ml-1 [3, 8, 9]. Vitamin D is essentially pro-

vided by sunlight exposure and to a much lesser extent

by food. It has been shown that some factors influence

endogenous production such as skin phototype and

season. Calcidiol deficiency has been epidemiologically

associated with cardiovascular and autoimmune diseases

and increased risk of renal failure, cancer and diabetes

[3].

Vitamin D deficiency is prevalent among the HIV-

infected population [10–17]. Several studies have sug-

gested that 25(OH)D concentrations were not different in

HIV-1 infected patients and in the general population

[10, 18, 19]. However, 25(OH)D and 1,25-dihydroxychole-

calciferol synthesis depends upon complex metabolic

pathways in the liver and kidney, respectively [20, 21], and

antiretroviral drugs (ARV), i.e. non-nucleosidic reverse tran-

scriptase inhibitors (NNRTI) and protease inhibitors (PI) are

known to induce or inhibit CYP P450 enzymes,which could

alter vitamin D metabolism [13, 22–24]. The use of efa-

virenz, a NNRTI, has frequently been proposed as an inde-

pendent risk factor for lower 25(OH)D concentrations [10,

25–28]. Regarding PIs, one study suggested a protective

effect of ritonavir against vitamin D deficiency [10], but

most recent papers did not find an association between PIs

and vitamin D deficiency [25, 27, 29].The use of tenofovir, a

nucleotide reverse transcriptase inhibitor is associated

with an increase in parathyroid hormone concentrations

[10, 13, 30]. Furthermore, vitamin D deficiency has been

associated with disease progression, complications and all-

cause mortality in persons living with HIV [11]. By contrast,

hyperlipidaemia is frequent in HIV-infected patients and

several studies performed in the general population have

shown an increase in 25(OH)D concentrations following

the start of some statin drugs (mainly rosuvastatin and

atorvastatin) [31–35].

Consequently, the issue of vitamin D3 supplementation

in HIV-infected patients is now discussed. The aims of this

study were (i) to investigate the population pharmacoki-

netics of 25(OH)D in HIV-1-infected adult patients, (ii) to

investigate the factors that influence 25(OH)D pharma-

cokinetics in this population and (iii) and to propose a

dosing recommendation in order to reach the 25(OH)D

target of 30–150 ng ml-1 in a maximum number of

patients.

Methods

Patients
Data were retrospectively collected from the electronic

files of adult ARV-exposed HIV-1-infected patients treated

at the Hôtel-Dieu hospital from 2009 to 2011. Ethics com-

mittee approval and patient consent are not required in

France in order to use retrospectively therapeutic drug

monitoring data, so no informed consent had to be

collected. Age, bodyweight (BW), body mass index (BMI),

skin phototype, CD4 T cell count, nadir CD4 T cell count,

viral load, centres for disease control and prevention

(CDC)stage, ARV drugs and statin therapy were recorded at

each follow-up visit. Based on statements by the patients

that they did not receive any supplementation during the

previous year, a 25(OH)D value was collected before the

initiation of vitamin D3 to assess the basal concentration.

For the entire study, the median (min–max) number of

samples per patient was 1 (1–6) and for patients receiving

vitamin D3 supplementation the median (min–max)

number of samples per patient was 3 (2–6).

Analytical method
Serum 25(OH)D concentrations were measured on real-

time (as part of routine blood testing) using the DiaSorin

RIA method (Saluggia, Italy). The detection limit was

3 ng ml-1. The measurements were done for all patients

in the same laboratory hospital. Vitamin D deficiency

was defined as serum 25(OH)D concentrations below

10 ng ml-1, vitamin D insufficiency as concentrations

between 10 and 30 ng ml-1 and vitamin D toxicity as con-

centrations above 150 ng ml-1.

Modelling strategy and data analysis
Different structural models for 25(OH)D pharmacokinetics

were investigated: one or two compartments with linear

elimination and first order or zero order absorption, with or

without a lag time or a transit compartment for absorp-

tion. Because vitamin D3 supplementation was exclusively

given by the oral route, clearance (CL) and volume of dis-

tribution (V) are apparent parameters, V/F and CL/F, where

F is the unknown bioavailability fraction.

Data were analyzed using the nonlinear mixed effect

modelling software program Monolix version 3.2 (http://

wfn.software.monolix.org) [36]. Parameters were esti-

mated by computing the maximum likelihood estimator of

the parameters without any approximation of the model

(no linearization) using the stochastic approximation

expectation maximization (SAEM) algorithm combined

with a Markov Chain Monte Carlo (MCMC) procedure. The

number of MCMC chains was fixed to 1 for all estimations.

Several error models (proportional, additive or mixed)

were investigated to describe the residual variability (e).

The between-subject variabilities (h or BSVs) were

assumed to be exponential.The Likelihood Ratio Test (LRT)
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including the log-likelihood, the Akaike information crite-

rion (AIC) and the Bayesian information criterion (BIC) were

used to test different hypotheses regarding the final

model, covariate effect(s) on pharmacokinetic param-

eter(s), residual variability model (proportional vs. propor-

tional plus additive error model), and structure of the

variance–covariance matrix for the BSV parameters.

The main covariates of interest in the population were

age, gender, skin phototype, seasons, body weight (BW),

body mass index (BMI) and co-medications. Fat-free mass

(FFM), lean body weight (LBW) and fat mass (FM) were

calculated according to the Green & Duffull paper [37].The

effect of each patient covariate was systematically tested

via the LRT. Continuous covariates (X): age, BW, BMI, FFM,

LBW, FM, CD4 T cell count or viral load were tested accord-

ing to the following equation, using CL for example,

CL
X

median X
CL

X
CL

= ×
( )( )θ

β

where qCL is the typical value of clearance for a patient

with the median covariate value and βX
CL is the estimated

influential factor for the continuous covariate. Binary cov-

ariates (CAT), skin phototype, gender, statin therapy,

antiretroviral family or combined antiretroviral therapies

were tested according to the following equation,

CL CL CAT
CL CAT

= × ( )θ β

where βCAT
CL is the estimated influential factor for the binary

covariate, CAT = 0 stands for the reference qCL value and

CAT = 1 for the CL value in presence of the covariate.

The effects of ARV were investigated as a binary covari-

ate respectively for PI, NNRTI, EFV and TDF. Combined

therapies were also tested as a binary covariate respec-

tively for PI + TDF and NNRTI + TDF. The comparison of the

effects of different antiretroviral therapies was investi-

gated as a categorical covariate with three different classes

for PI, NNRTI and other.

Seasons were firstly tested as four different groups,

then non-significantly different groups were combined as

long as the BIC value did not increase.

A covariate was finally retained if (i) its effect was bio-

logically plausible, (ii), a reduction in AIC/BIC criteria was

observed (LRT) and (iii) it produced a reduction in the vari-

ability of the pharmacokinetic parameter, assessed by the

associated inter-subject variability. Graphical evaluation of

the goodness-of-fit was mainly assessed by observed vs.

predicted concentrations (PRED-DV) and weighted residu-

als vs. time and/or weighted residuals vs. PRED. The final

population model was mainly appreciated by the normal-

ized prediction distribution errors (NPDE) metrics [38] and

the prediction-corrected visual predictive check (PC VPC)

[39]. Diagnostic graphics and distribution statistics were

obtained using RfM (link on http://wfn.sourceforge.net) via

the R program [40].

Dose simulations
Dose simulations were performed in order to obtain

25(OH)D concentrations between 30 and 80 ng ml-1

during a 12 months follow-up according to the patient

25(OH)D baseline concentrations, i.e. <10 ng ml-1, 10 to

20 ng ml-1 or 20 to 30 ng ml-1. More precisely, the vector of

pharmacokinetic parameters from 3000 (proportion of

patients in and out the defined thresholds) or 400

(concentration-time profile for 12 months supplementa-

tion) replicates of the database was simulated using the

final model, including the covariates. Each vector param-

eter was drawn in a log-normal distribution with a variance

corresponding to the BSV previously estimated. A simu-

lated residual error was added to each simulated concen-

tration. The simulations were performed using Monolix.

Results

Demographic data
Data from 422 HIV-1 patients (290 men, 132 women) were

collected for pharmacokinetic assessment.The median age

was 46 years (range 16–85 years) and the median body

weight was 70 kg (range 41–112 kg). A total of 288 patients

had a white skin phototype and 134 had a non-white skin

phototype. A total of 723 25(OH)D concentrations were

available for pharmacokinetic evaluation. Among the 422

patients, 135 received vitamin D3 supplementation with a

median (min–max) number of samples per patient of 3

(2–6) and a median prescribed dose of 63 302 (15 508–

242 063) IU month-1. The mean follow-up time for the 135

adults (90 men,45 women) was 11.6 months (range 2–31.7,

median 11 months). At baseline 288 patients (68% of the

total population) received tenofovir, 127 efavirenz (30%),

59 nevirapine or etravirine (14%), 209 were treated with a

PI (50%), 13 with other ARV (3.0%) and 14 patients (3.3%)

received no ARV. At baseline 93 patients (22%) received

statin therapy and for 37 patients the information was

missing (9%). Median 25(OH)D at baseline was 16 ng ml-1

(interquartile range 11–23 ng ml-1) for the total popula-

tion, 17% of patients had concentrations below 10 ng ml-1,

68% between 10 and 30 ng ml-1 and 15% above

30 ng ml-1. Table 1 summarizes the patients’ baseline

characteristics.

Population pharmacokinetics
The data were best described by a one compartment

model in which the absorption and elimination rate con-

stants were equal. In this model, the dose supplementa-

tion, D, is absorbed into the compartment with a constant

rate of absorption, whereas the basal concentration of

25(OH)D, reflecting the endogenous production from diet

and sun exposure, is described by the parameter C0. The

25(OH)D pharmacokinetic parameters were then the

apparent volume of distribution (V/F) and elimination

F. Foissac et al.

1314 / 75:5 / Br J Clin Pharmacol



clearance (CL/F) where F is the unknown bioavailability,

and C0. Between-subject variability could be estimated for

apparent CL and the basal concentration. A proportional

model was used to describe the residual variability. The

parameter estimates of this basic model were CL/F 2.4 l

day-1 (BSV 0.36), V 176 l and C0 16.4 mg l-1 (BSV 0.46).

In a second step, the skin phototype covariate was

included in the model on the C0 parameter. This improved

the predictive performance of the model and significantly

decreased the variability on production from 0.461 to

0.442 and the BIC criteria from 5169 to 5152. In a third step,

the season effect coded as summer vs. autumn, winter and

spring (non-summer) was also added on the C0 parameter,

decreasing the BIC criteria by 8.3 units and the correspond-

ing variability from 0.442 to 0.421.No other covariate effect

could be identified on CL/F or C0 parameters. No effect of

ARV therapy was found. The mean C0 concentrations

among patients taking PIs compared with concentrations

in patients not taking PIs were 18.6 vs. 17.2 ng ml-1 (P =

0.14, Wilcoxon Mann-Whitney test). Similarly, for NNRTIs,

EFV and TDF these were 17.7 vs. 18.1 ng ml-1 (P = 0.74), 17.5

vs.18.0 ng ml-1 (P = 0.44) and 18.3 vs. 17.0 ng ml-1 (P = 0.14),

respectively.

Table 2 summarizes the final population pharmacoki-

netic estimates. All parameters were well estimated with

relative standard errors (%RSE) lower than 15%. The C0

concentrations were then 20.5 ng ml-1 for a white skin

phototype patient in summer. The non-white skin photo-

type effect had a decreased C0 value, 16.5 ng ml-1 in

summer. The difference associated with summer vs. non-

summer was for a white adult 17.2 ng ml-1 and 13.8 ng ml-1

for a non white adult. The normalized prediction

Table 1
Characteristics of the 422 patients at baseline

Baseline

25(OH)D

<10 ng ml-1

25(OH)D

10–30 ng ml-1

25(OH)D

>30 ng ml-1 All patients

n (%) n (%) n (%) n (%)

Gender

Male 46 (16) 195 (67) 49 (17) 290 (69)

Female 25 (19) 93 (70) 14 (11) 132 (31)

Ethnic origin

White 44 (15) 189 (66) 55 (19) 288 (68)

Other 27 (20) 99 (74) 8 (6) 134 (32)

Season

Spring 31 (22) 98 (68) 14 (10) 143 (34)

Summer 2 (2) 56 (67) 26 (31) 84 (20)

Autumn 15 (16) 66 (70) 13 (14) 94 (22)

Winter 23 (23) 68 (67) 10 (10) 101 (24)

Viral load (< 50 copies ml-1) 54 (16) 233 (68) 56 (16) 343 (81)

ARV drug

EFV 24 (19) 85 (67) 18 (14) 127 (30)

Others NNRTIs 10 (17) 40 (68) 9 (15) 59 (14)

PI 31 (15) 141 (67) 37 (18) 209 (50)

TDF 52 (18) 187 (65) 49 (17) 288 (68)

No treatment 2 (14) 10 (72) 2 (14) 14 (3)

Combined ARV drug

PI + TDF 21 (16) 82 (63) 27 (21) 130 (31)

NNRTI + TDF 27 (19) 89 (64) 24 (17) 140 (33)

Statin treatment

Rosuvastatin 12 (15) 55 (71) 11 (14) 78 (18)

Pravastatin 3 (30) 6 (60) 1 (10) 10 (2)

Atorvastatin 0 4 (100) 0 4 (1)

Fluvastatin 1 (100) 0 0 1 (0)

NA 6 (16) 26 (70) 5 (14) 37 (9)

25(OH)D (ng ml-1)

Median (IQR) 7 (6–8) 16 (13–21) 36 (33–39) 16 (11–23)

Age (years)

Median (IQR) 45 (37–50) 46 (39–53) 47 (43–54) 46 (38–52)

Bodyweight (kg)

Median (IQR) 67 (61–79) 70 (62–81) 70 (62–78) 70 (61–80)

BMI (kg m-12)

Median (IQR) 23 (20–26) 23 (21–26) 23 (21–25) 23 (21–26)

Viral load (log10 copies ml-1)

Median (IQR) 1.7 (1.7-1.7) 1.6 (1.7-1.7) 1.6 (1.7-1.7) 1.6 (1.7-1.7)

CD4 (cells mm-3)

Median (IQR) 544 (364–829) 619 (422–877) 690 (560–860) 628 (427–874)

Calcidiol concentrations in HIV-infected adults
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distribution error performed on the final model showed

that the mean and variance were not significantly different

from 0 (P = 0.87) and 1 (P = 0.27) and their distribution was

not different from a normal one (P = 0.08) (Figure 1). The

prediction-corrected visual predictive check shows that

the 10th, 50th and 90th percentiles of observed data were

well included within the 90% CI of the 10th, 50th and 90th

of simulated percentiles (Figure 2).

Dose simulation
According to the patients’ baseline concentration (<10,

between 10 and 20, or between 20 and 30 ng ml-1), differ-

ent dosing schemes were simulated to obtain 25(OH)D

concentrations between 30 and 80 ng ml-1 for 1 year.

Figure 3 shows the percentage of patients with 25(OH)D

concentrations lower than 30 ng ml-1, between 30 and

80 ng ml-1 (target interval) and higher than 80 ng ml-1 after

12 months of treatment following 50 000, 100 000, 150 000

or 200 000 IU month-1. In order to avoid risk of toxicity,

dosing simulations which provided less than 10% of

patients above 80 ng ml-1 were retained. Accordingly the

dose of 100 000 IU of vitamin D3 month-1 seems to be the

Table 2
Population pharmacokinetic parameters of 25(OH)D in 422 patients

Parameter Estimate (RSE %)

Structural model

CL/F (l day-1) 2.76 (5)

V/F (l) 178 (5)

C0 (ng ml-1)** 20.5 (7)

qNo white 0.804 (5)

qAutumn, spring, winter 0.839 (4)

Statistical model

w BSV CL/F 0.35 (15)

w BSV C0 0.42 (12)

s proportional 0.262 (5)

RSE%, relative standard error (standard error of estimate/estimate ¥ 100); CL/F,

apparent elimination clearance; V/F, apparent central volume of distribution; C0,

basal 25(OH)D concentration; s, residual variability estimates and BSV, between-

subject variability estimates; qNo white, influential factor on 25(OH)D C0 for a

non-white skin phototype patient; qAutumn, spring, winter, influential factor on 25(OH)D

C0 for non-summer. **C0 = C0 ¥ (qNo white) ¥ qAutumn, spring, winter). For example, for

a non-white patient during winter, mean C0 is 20.5 ¥ 804 ¥ 8.39 = 13.8 ng ml-1.
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Normalized prediction distribution errors metrics (NPDE)
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more appropriate. Figure 4 shows the final dosing recom-

mendation derived from 400 simulations of the final

model. As shown, 4 months after the start of the supple-

mentation, more than 50% of patients reached the

30 ng ml-1 target.The median 25(OH)D (90% CI) concentra-

tion was 31.1 ng ml-1 (16, 51). At the end of the first year of

treatment the median predicted 25(OH)D concentration

(90% CI) was 43.9 ng ml-1 (22, 69).

Discussion

The pharmacokinetics of 25(OH)D were satisfactorily

described by a one compartment model. A more physi-

ological model would have considered that vitamin D3 is

firstly absorbed towards a storage compartment (mainly

adipose tissue) from which it is released before 25(OH)D is

formed then cleared. However, the five parameters related

to this model could not be identified, probably in part

because the absorption rate is very fast relative to the for-

mation and elimination rates, the exponential terms with

k k t
a e a−( ) are rapidly close to zero and negligible as com-

pared with the other terms. Therefore, the reduction to a
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one compartment model is reasonable considering the

input as the absorption-formation rate of 25(OH)D

(vitamin D3 was considered to be immediately absorbed by

the gut in regard of the long half life of 25(OH)D). The

classical one compartment model with first order absorp-

tion gave close values for the formation (input) and elimi-

nation rates, resulting in a flip-flop phenomenon on

individual parameters. Thus it was reasonable to fit the

data to a model in which these two rate constants were

equal. This model was finally retained also on the basis of

statistical significance, the BIC decreased by 4.9 units and

the RSEs of the estimates were improved.

An additional basal level parameter represents the

endogenous formation of calcidiol provided by food and

sunlight exposure. Skin phototype and summer were

included in the model on the C0 parameter, decreasing the

corresponding BSV. The endogenous production was 20%

lower in non-white patients and was decreased by 16%

during the autumn, winter and spring. Calcidiol half-life

was estimated to be around 40 days which is in agreement

with previously reported values, in the range of 15 days to

2 months [5, 41–43].

The antiretroviral treatment status, EFV, NNRTI,TDF or PI

use, was systematically tested on both CL/F and C0 param-

eters. No significant differences were observed. Combined

ARV, use of statin, gender, age, viral load, CD4 T cell count,

BMI, LBW, FFM, FM and BW did not influence 25(OH)D

pharmacokinetics.

Calcidiol insufficiency and deficiency were highly

prevalent in these HIV-1 infected patients at baseline: 17%

of the patients had a 25(OH)D concentration below

10 ng ml-1, 68% between 10 and 30 ng ml-1 and only 15%

above 30 ng ml-1, as previously reported [10, 12, 13, 27].

Due to the possible deleterious effects on HIV disease

expected from severe vitamin D deficiency, the question of

supplementation is emerging. Therefore, a dosing scheme

was optimized in order to obtain 25(OH)D concentrations

between 30 and 80 ng ml-1 without exceeding the

150 ng ml-1 toxic value in most patients [8, 9]. A monthly

vitamin D3 dosing was chosen in regard to the main avail-

able commercial form in France and in order to improve

compliance [44]. Dosing simulations were performed

according to season and skin phototype effects and did

not result in different recommendations between summer

vs. non summer or white vs. non-white skin phototype.The

recommended dietary allowances in the general popula-

tion according to Health Canada or the United States

Institute of Medicine are of 600 IU day-1 but these recom-

mendations led to vitamin D insufficiency or deficiency in

a large part of the general population [45].They also define

the tolerable upper limit as 4000 UI day-1. Our dosing rec-

ommendation of 100 000 IU month-1 in this HIV popula-

tion corresponds to 3300 IU day-1, which is in accordance

with this tolerable upper limit.

In conclusion, the dosing recommendation was

100 000 IU every month. This dosing scheme resulted in

less than 1% of patients with concentrations above

100 ng ml-1 and was in agreement with previously pub-

lished studies [46].
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