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Abstract
Objective—Tenofovir is used commonly in HIV treatment and prevention settings, but factors
that correlate with tenofovir exposure in real-world setting are unknown.

Design—Intensive pharmacokinetic (PK) studies of tenofovir in a large, diverse cohort of HIV-
infected women over 24-hours at steady-state were performed and factors that influenced exposure
(assessed by areas-under-the-time-concentration curves, AUCs) identified

Methods—HIV-infected women (n=101) on tenofovir-based therapy underwent intensive 24-
hour PK sampling. Data on race/ethnicity, age, exogenous steroid use, menstrual cycle phase,
concomitant medications, recreational drugs and/or tobacco, hepatic and renal function, weight
and body mass index (BMI) were collected. Multivariable models using forward stepwise
selection identified factors associated with effects on AUC. Glomerular filtration rates (GFR) prior
to starting tenofovir were estimated by the CKD-EPI equation using both creatinine and cystatin-C
measures
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Results—The median (range) of tenofovir AUCs was 3350 (1031–13,911) ng x h/mL. Higher
AUCs were associated with concomitant ritonavir use (1.33-fold increase, p 0.002), increasing age
(1.21-fold increase per decade, p=0.0007) and decreasing BMI (1.04-fold increase per 10%
decrease in BMI). When GFR was calculated using cystatin-C measures, mild renal insufficiency
prior to tenofovir initiation was associated with higher subsequent exposure (1.35-fold increase
when pre-tenofovir GFR <70mL/min, p=0.0075).

Conclusions—Concomitant ritonavir use, increasing age, decreasing BMI and lower GFR prior
to tenofovir initiation as estimated by cystatin C were all associated with elevated tenofovir
exposure in a diverse cohort of HIV-infected women. Clinicians treating HIV-infected women
should be aware of common clinical conditions that affect tenofovir exposure when prescribing
this medication.
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INTRODUCTION
Since approval by the Federal Drug Administration in 2001, tenofovir disoproxil fumarate
(TDF) has become one of the most frequently prescribed antiretrovirals in the management
of HIV infection[1]. Moreover, TDF is co-formulated into several fixed-dose combinations,
which can help promote adherence to combination antiretroviral therapy (cART) [2], and the
co-formulation of TDF and emtricitabine is the only agent approved for pre-exposure
prophylaxis in the United States [3, 4]. While mostly effective and safe, TDF has been
associated with several major adverse effects in terms of renal function [5] and bone mineral
density loss [6, 7], both of which can trigger discontinuation of the drug. Adverse effects of
medications are generally correlated with systemic levels of the drug and, as is common
with many antiretrovirals, TDF demonstrates significant inter-individual variability in
plasma drug levels [8, 9]. The factors that contribute to inter-patient variability in TDF
pharmacokinetics in diverse and real-world populations, however, are largely unknown.

As with most medications, the dose of TDF that was ultimately marketed for adults (300
milligrams (mg) once daily) with normal renal function was determined during Phase I and
II studies of the drug [10]. Dose-finding studies usually entail intensive pharmacokinetic
(PK) evaluations after short-term use in a limited number of volunteers (either HIV-infected
or non-infected) who are often homogeneous in regards to race/ethnicity, gender and/or
comorbidities. The generalizability of these PK studies to patients with different
characteristics is thereby limited by their inclusion criteria and small sample sizes [11–13].
Broad recognition of important factors that modify a drug’s PK parameters once it is used in
more diverse populations can be delayed due to limitations in post-marketing tracking
procedures or publication bias [14]. To address some of these limitations, we conducted
intensive PK studies of TDF in a sample of HIV-infected women in the setting of routine
clinical use in order to identify factors associated with drug exposure.

METHODS
Study population

The Women’s Interagency HIV Study (WIHS) is a large, multicenter, prospective cohort
study of HIV-infected women and at-risk HIV uninfected women in the United States[15].
The WIHS is highly representative of U.S. women living with HIV in terms of age, race/
ethnicity, socioeconomic status, concomitant medications, comorbid medical conditions, etc.
We previously described the “WIHS Intensive PK Study,” [16, 17] which enrolled HIV-
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infected women on cART for 24 hour sampling of antiretroviral plasma levels after
administration of a dose witnessed by study team members under conditions of routine
participant use. For this analysis, our study sample consisted of WIHS participants who used
TDF for at least six months prior to PK evaluation. Institutional review boards at all
participating institutions approved the consent and protocol materials for this study.

Intensive PK protocol methods
Pharmacokinetic protocols were conducted in clinical research centers or other facilities
associated with collaborating WIHS sites. Plasma samples were drawn over 24 hours for
drug levels under conditions of actual use (including simulation of the participants’
customary diet and administration of other medications). Participants were seen for the PK
visit within six weeks of their core WIHS visit and data were collected at both visits on
weight, comorbidities, HIV RNA level, CD4 cell counts, self-reported adherence, hepatic
and renal function and illicit substance use. All participants received standard dosing of TDF
(300 mg orally once daily) and drug levels were measured in specimens collected at 0, 4, 8,
15, 18 and 24 hours after a witnessed dose.

Laboratory procedures
Plasma levels of TDF were determined by liquid chromatography/tandem mass
spectrometry (LC-MS/MS) with TDF-d6 as the internal standard [18]. The plasma sample
was pretreated with trifluoroacetic acid for protein precipitation before injecting into the
Micromass Quattro Ultima LC-MS/MS system. The assay was validated from 10 to 1000
nanogram (ng)/milliliter (mL) of TDF with a coefficient of variation < 15% for quality
control samples at low, medium and high concentrations.

Cystatin C was measured in 67 of the 101 women who contributed data to these analyses.
Cystatin C in plasma samples was quantified as described previously [19] at the University
of California, Los Angeles (UCLA) Clinical Immunology Research Laboratory by a
particle-enhanced immunoturbidimetric assay (Gentian, Moss, Norway), which has been
calibrated against the new World Standard Reference material ERM-DA471/IFCC [20].
Intra-assay coefficients of variation, based on 10 replicates, were <2% at serum
concentrations of 0.7 and 1.1 mg/Liter (L). Inter-assay coefficients of variation were 4.4%
and 3.9% at serum concentrations of 0.8 and 2.2 mg/L, respectively.

Predictor variables
We analyzed the following variables in relationship to exposure: race (self-reported), age,
exogenous sex steroid use, phase in menstrual cycle by self-report, concomitant medications
(including other antiretrovirals), use of recreational drugs and/or tobacco, hepatic and renal
function parameters, weight and estimated lean body mass. The Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation using serum creatinine from the recent
WIHS visit was employed to estimate glomerular filtration rate measures (eGFRcr) [21] in
one set of models. GFR was dichotomized as being more or less than 70 mL/minute (min)/
1.73 meters (m)2 in our models. The models were then repeated using the CKD-EPI
equation for cystatin C (eGFRcys) [20–22]. Renal function prior to the initiation of TDF for
each participant was also assessed using creatinine measures from prior visits (going back
up to 4 visits before starting TDF if there was missing data). To obtain pre-TDF cystatin C
for as many women as possible, we used values more than 4 visits back when necessary
(n=16 of 67) from archived plasma specimens. All demographic data was collected at the
core WIHS visit.
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Outcome variables
Areas under the concentration-time curves (AUCs) were used to estimate TDF exposure
over the dosing interval; these were calculated for each individual using the trapezoidal rule
[23].

Statistical analysis
All analyses were conducted using Stata (version 11.2, College Station, TX) and SAS
(version 9.2, SAS Institute, Cary, NC). For multivariate modeling, AUC was logarithmically
transformed, and predictors’ coefficients were back-transformed to produce estimated
multiplicative effects on geometric mean AUCs. The multivariable model was constructed
by forward stepwise selection, with p<0.05 required for entry and retention, but with race
(African American versus others) included because of high a priori interest. Since 33% of
the participants did not have available cystatin C measures from visits that preceded the start
of TDF, we used multiple imputation [24] to reduce the likelihood of possible bias from
excluding so many observations from analysis. Multiple imputation with the Markov chain
Monte Carlo method was used to impute missing eGFR estimates using cystatin C, with 10
imputations performed to yield ~95% relative efficiency [25].

RESULTS
Characteristics of patient population

TDF levels were measured over a 24 hour period for 101 WIHS participants. Table 1 shows
the patient characteristics of the study sample (n=101) and of the covariates included in the
final multivariate models. The mean age (range) of the participants was 43.1 (21.7–64.9)
years. Sixty four women (63%) reported their race as African American, 24 (24%) Hispanic
and 10 (10%) Caucasian.

Summary of pharmacokinetic parameters for tenofovir
The TDF PK parameters for the study population demonstrated significant inter-individual
variation. The median (range) for TDF AUC was 3350 (1031 – 13,911) ng x hours (h)/mL,
for minimum plasma drug concentration (Cmin) was 69.7 (0–363) ng/mL, for maximum
plasma drug concentration (Cmax) was 251 (81.1–1020) ng/mL, for the time after
administration at which Cmax was reached (tmax) was 4.1 (0–24) hours and for TDF
clearance from plasma (CL/F) was 322 (77–1047) mL/h. This data is summarized in Table 2
and Figure 1 shows the time-concentration curves for the 101 participants who underwent
intensive PK sampling for TDF levels.

Factors associated with tenofovir AUC using eGFRcr
In the final multivariate model using the creatinine-based estimate of GFR, race did not
substantially influence TDF exposure (Table 3), although older age was associated with
higher exposure (increase in AUC by 1.21-fold for every decade of age, p=0.0007).
Concomitant ritonavir (RTV) use (present in 61% of all participants) was associated with
increased TDF AUC by an average of 1.33-fold (p=0.0020). Each 10% increase in body
mass index (BMI, kilogram (kg)/m2) was associated with a 0.96-fold reduction in TDF AUC
(p=0.019). An eGFRcr of <70 mL/min/1.73m2 prior to initiation of TDF was associated with
a 1.31-fold higher AUC (p-value showed a trend towards statistical significance at 0.094).

Factors associated with tenofovir AUC using eGFRcys
In an alternative multivariate analysis (Table 4), we estimated GFR using cystatin C
measures and dichotomized eGFRcys as being ≥ or < than 70 mL/min/1.73m2. As with the
models using eGFRcr, race did not substantially affect exposure in this model (p=0.97). The
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effect of age on TDF exposure (1.20 fold increase in TDF AUC per decade of age,
p=0.0003) was still prominent. Concomitant RTV use similarly increased exposure by an
average of 1.33-fold (p=0.0014), and higher BMI was similarly associated with a lower
(0.96-fold per 10% increase in BMI) TDF AUC (p=0.025). Mild renal insufficiency
(eGFRcys of <70 mL/min/1.73m2) preceding the initiation of the TDF-based cART regimen
was significantly associated with a 1.35-fold higher AUC for TDF (p=0.0075).

Addition of any one of the remaining unselected candidate predictor variables resulted in
less than 6% change in the estimated effects shown in Tables 3 and 4.

DISCUSSION
Although tenofovir is one of the most commonly used antiretroviral agents in both HIV
treatment and pre-exposure prophylaxis settings, limited information is available on the
factors that influence its pharmacokinetics under conditions of actual use and in diverse
populations. Our study examined factors associated with TDF exposure at steady state in a
relatively large sample of HIV-infected women who were taking the drug as part of their
prescribed cART regimens. The study participants were highly varied in terms of age, race,
comorbid conditions, concomitant medications and body habitus, similar to patients in
clinical practice. We found significant inter-individual variation in plasma drug levels, and
pharmacokinetic parameters (Figure 1) in this sample. Four common factors were
independently associated with greater TDF exposure: older age, pre-existing mild renal
insufficiency, lower BMI and concomitant RTV use.

Ritonavir use increased TDF levels, a finding that is consistent with previous studies that
have noted a 32–50% increase in TDF AUC when TDF is co-administered with ritonavir
boosted-lopinavir [26, 27]. This association is particularly relevant as the concomitant use of
TDF and ritonavir-boosted protease inhibitors is common [28]. A recent analysis in the
Adults Clinical Trials Group (ACTG) A5208 study demonstrated that young African women
randomized to tenofovir/emtricitabine/lopinavir/ritonavir had a higher incidence of renal
insufficiency compared to women randomized to tenofovir/emtricitabine/nevirapine
regimens [29]. Our study also demonstrates that lower body mass index is associated with
modest increases in TDF AUC. Prior studies have demonstrated that low body weight is
associated with decreased clearance of TDF [30] and that higher body weight is associated
with increased clearance of TDF [31]. Lower eGFR as estimated by cystatin C measured
prior to starting TDF (< 70 mL/min/1.73m2) was associated with a 35% increase in TDF
AUC. Although eGFR <70 mL/min/1.73m2 as estimated by creatinine measures was
associated with higher TDF exposure, the link between pre-existing kidney function and
TDF-AUC was strengthened by estimating GFR using cystatin C measures. Because
cystatin C levels are independent of muscle mass, cystatin C is a particularly useful measure
in chronically ill, aging populations, or in patients with HIV infection, because artifacts in
creatinine-based GFR estimates can occur in individuals with debility or loss of muscle mass
[32, 33].

Adverse effects of TDF on renal function have been described [34–36] and dose reductions
are currently recommended for patients with marked renal insufficiency, but no modification
is recommended for persons with more modest renal dysfunction [1]. There is relatively
little available information on TDF pharmacokinetics in patients with mild renal dysfunction
and long term use of the drug. A previous study [37] found that the median AUC was 1.41-
fold higher in 10 HIV uninfected subjects with a creatinine clearance from 50 to 79 mL/min/
1.73m2 than in 3 subjects with creatinine clearance >80 mL/min/1.73m2 and another recent
study demonstrated that higher TDF troughs are associated with renal impairment[38]. In the
previously-cited analysis in ACTG5208, women in the tenofovir/emtricitabine/lopinavir/
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ritonavir arm with lower pre-randomization creatinine clearance were at the highest risk of
developing renal insufficiency events [29].

Our findings are consistent with these reports, but the longitudinal nature of our cohort
uniquely allowed us to model the effect of renal function prior to TDF initiation. We found
that common factors can combine to significantly increase TDF levels and that mild renal
impairment prior to TDF use can significantly impact subsequent TDF exposure. This
finding suggests that mild renal insufficiency prior to TDF use could result in a spiral of
increased TDF exposure and subsequent renal injury. Adjustments of TDF dosing based on
exposure measures could enhance the safety profile of this important medication.

The WIHS intensive PK studies demonstrate the feasibility and utility of measuring 12 to 24
hour AUCs in large, unselected and diverse populations under actual-use conditions to
determine factors associated with exposure in the clinical setting. One limitation is that this
study was performed exclusively in a cohort of women, and the results may not be directly
applicable to HIV-infected men on TDF-based therapy. We also have not yet examined
inter-patient variability as a function of underlying host genetic characteristics, although
such studies are underway. In spite of these limitations, there are several strengths to this
study. Notably, there were a large number of individuals included in the analysis with
longitudinal data collected over time, including renal function prior to the initiation of TDF-
based cART. The study was also conducted under conditions that are representative of how
antiretroviral medications are actually taken in routine practice. The study used a robust
measure of tenofovir exposure as assessed by AUCs from intensive PK studies performed
over 24 hours. Finally, renal function was assessed both by cystatin-C and creatinine
measures in our study.

In conclusion, concomitant ritonavir use, lower BMI, older age and lower eGFR prior to
starting TDF were all associated with higher TDF exposure in a cohort of HIV positive
women under conditions of routine clinical use. Estimates of GFR using cystatin C may
enhance the evaluation of pre-existing renal dysfunction on subsequent TDF exposure and
were used in our models. Clinicians providing care to individuals with HIV should be aware
of the impact of these common clinical conditions when using TDF. More studies are
needed to identify clinically relevant factors contributing to elevated TDF exposure, the
pharmacodynamic relationship between exposure and adverse effects, as well as the genetic
factors that may contribute to inter-patient variability of antiretroviral concentrations in real-
world practice.
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Fig. 1.
Time–concentration curves for 101 women in intensive pharmacokinetic studies for
tenofovir
Bold line represents the median.
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Table 1

Participant characteristics of entire study population (n = 101).

Parameter All HIV-positive participants (n=101)

Age (years) 43.1 (21.7 64.9)

Race (self-report)

 Black 64 (63%)

 Hispanic 24 (24%)

 White 10 (10%)

 Other 3 (3%)

BMI (kg/m2) 28.6 (15.0 62.0)

Concomitant ritonavir use 62 (61%)

eGFRcr less than 70ml/min per 1.73m2 15 (14.9%)

Hepatitis C antibody positive 37 (37%)

Concomitant diabetes 26 (26%)

Concomitant hypertension 36 (36%)

Current smoking 54 (53%)

Current alcohol use (versus abstainer) 36 (36%)

Current crack or powdered cocaine use 16 (16%)

Detectable HIV RNA at time of sampling 36 (36%)

Current CD4+ cell count (cells/μl) 409 (4–1461)

Data above are presented as mean (range) or numbers (percentage). Covariates in italics were retained in final multivariate model due to
statistically significant association with tenofovir disoproxil fumarate (TDF) exposure. eGFRcr, creatinine-based estimated glomerular filtration
rate.
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