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The quantification of antituberculosis drug concentrations in multinational trials currently requires the collection of
modest blood volumes, centrifugation, aliquoting of plasma, freezing, and keeping samples frozen during shipping. We
prospectively enrolled healthy individuals into the Tuberculosis Trials Consortium Study 29B, a phase I dose escalation
study of rifapentine, a rifamycin under evaluation in tuberculosis treatment trials. We developed a liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) method for quantifying rifapentine in whole blood on dried blood spots
(DBS) to facilitate pharmacokinetic/pharmacodynamic analyses in clinical trials. Paired plasma and whole-blood samples
were collected by venipuncture, and whole blood was spotted on Whatman protein saver 903 cards. The methods were op-
timized for plasma and then validated for DBS. The analytical measuring range for quantification of rifapentine and its
metabolite was 50 to 80,000 ng/ml in whole-blood DBS. The analyte was stable on the cards for 11 weeks with a desiccant at
room temperature and protected from light. The method concordance for paired plasma and whole-blood DBS samples
was determined after correcting for participant hematocrit or population-based estimates of bias from Bland-Altman
plots. The application of either correction factor resulted in acceptable correlation between plasma and whole-blood DBS
(Passing-Bablok regression corrected for hematocrit; y � 0.98x � 356). Concentrations of rifapentine may be determined
from whole-blood DBS collected via venipuncture after normalization in order to account for the dilutional effects of red
blood cells. Additional studies are focused on the application of this methodology to capillary blood collected by finger
stick. The simplicity of processing, storage, shipping, and low blood volume makes whole-blood DBS attractive for rifap-
entine pharmacokinetic evaluations, especially in international and pediatric trials.

Tuberculosis (TB) remains a global health threat, with an esti-
mated 8.6 million incident cases and 1.3 million TB-related

deaths occurring in 2012 (1). The current treatment of TB requires
a minimum of 6 months of treatment to achieve high rates of cure.
There is an urgent need for highly potent treatments that can cure
TB disease in less time.

The development of novel agents and regimens for clinical
use for TB and other disease areas requires a thorough under-
standing of concentration-response relationships. However,
standard plasma pharmacokinetic (PK) sampling in clinical
trials is limited by the need for adequate sample volume, trans-
port on ice, rapid sample processing by trained laboratory tech-
nicians, freezer storage at �80°C, and shipping of potentially
hazardous materials to centralized laboratories in a frozen
state. These steps represent challenges to robust pharmacoki-
netic/pharmacodynamic (PK/PD) analyses in clinical trials,
particularly in special populations, like children, and in re-
source-poor settings (2).

Dried blood spot (DBS) sampling is a popular alternative for
the quantitative determination of drug concentrations (3–5).
With DBS methodology, small blood volumes are used, process-
ing and storage are simplified, and there is no biohazard risk or
substantial expense associated with sending large numbers of
samples via regular mail (6). DBS is particularly advantageous for
the development of drugs for tropical or neglected diseases, like
malaria, for which the affected population largely lives in areas
that are not in close proximity to research laboratories or large

hospitals (5, 7, 8). However, assay sensitivity, stability, and hemat-
ocrit effects using DBS as a collection device vary by drug, so assay
validation using DBS must be performed prior to implementation
and interpretation of the tool (9).

Rifapentine (RPT) is a rifamycin antibiotic with a longer half-
life and lower mean inhibitory concentration (MIC) against My-
cobacterium tuberculosis than those of rifampin (RIF), the rifamy-
cin used in standard treatment for drug-sensitive TB disease. In
humans, RPT is deacetylated by arylacetamide deacetylase to the
metabolite desacetyl-rifapentine (desRPT), which is less active
than the parent drug (10). RPT is also under investigation as a
potent anti-TB drug that may help shorten treatment duration for
TB disease. In animal studies, the treatment-shortening potential
of RPT was found to increase with higher exposures, seemingly
without plateau (11, 12). Initial PK/PD analyses of clinical trials
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data suggest both substantial variability in RPT concentrations
between persons and a strong correlation between RPT exposures
and time to sputum culture conversion (13). Clinical trials aimed
at finding the optimal dose of RPT and evaluating the efficacy of a
shorter-duration RPT-based regimen in patients with drug-sensi-
tive TB disease are ongoing (14).

We incorporated DBS collection into a phase I dose escala-
tion trial of RPT (15), with the goal of developing and validat-
ing an accurate and reproducible DBS assay to quantify RPT
and desRPT, with the desRPT data supporting mathematical
model building.

MATERIALS AND METHODS
Chemicals and materials. RPT and desRPT were donated by Sanofi-
Aventis (Gentilly, France). Isotopically labeled RIF ([2H3]rifampin) was
purchased from Toronto Research Chemicals, Inc. (North York, Ontario,
Canada). The structures of RPT, desRPT, and isotopically labeled rifam-
pin are illustrated in Fig. 1. High-performance liquid chromatography
(HPLC)-grade water, acetonitrile, and methanol were purchased from
Fisher Scientific (Pittsburgh, PA). Ascorbic acid, dimethyl sulfoxide
(DMSO), and ammonium formate were purchased from Sigma-Aldrich
(St. Louis, MO). Whatman protein saver 903 cards and a Harris Uni-Core
punch were obtained from GE Healthcare Life Sciences (Piscataway, NJ).
Drug-free human plasma was acquired from Biological Specialty Corpo-
ration (Colmar, PA).

Preparation of calibrators and quality control (QC) materials.
Whole blood was collected in Vacutainer K2EDTA tubes from individuals
not taking RPT under an independent institutional review board (IRB)-
approved protocol for the collection of biological specimens from healthy
volunteers through the Johns Hopkins University School of Medicine. On
the day of collection, whole blood was pooled in 50-ml conicals and cen-
trifuged at 2,000 � g for 10 min at 4°C. Initial hematocrit levels were
determined by measuring the volume of red blood cells and the volume of
plasma; hematocrit was adjusted to 40% through the addition of red
blood cells or drug-free plasma. Resuspended whole blood with an em-
pirically determined hematocrit of 40% was used to generate the calibra-
tors and quality control solutions.

Master stock solutions of RPT and desRPT were prepared in DMSO at
final concentrations of 10,000 �g/ml. A working stock solution was pre-
pared in DMSO at a final concentration of 100 �g/ml. Whole blood (40%
hematocrit) or drug-free plasma was spiked with master or working stock
solutions to generate standards containing 50, 100, 250, 500, 1,000, 5,000,
10,000, 25,000, 50,000, and 80,000 ng/ml RPT and its metabolite. Quality
control levels were prepared from independently weighed stock solutions
at the lower limit of quantification (LLOQ), as well as at low, medium, and

high levels. The final concentrations of both RPT and desRPT at the
LLOQ, low, medium, and high QC levels were 50, 150, 2,500, and 70,000
ng/ml, respectively.

For the placement of whole blood on dried blood spot (DBS) cards, 25
�l of whole-blood calibrators or QC solution was spotted onto a What-
man protein saver 903 card. Additionally, RPT and desRPT were prepared
in hematocrit-adjusted whole-blood DBS across a range of 20% to 70%. A
hematocrit level of 45% was deemed standard, and the observed drug
values at this hematocrit were normalized to 1.0. The samples prepared
with various hematocrit levels were compared to the observed concentra-
tions at a 45% hematocrit level. The cards were allowed to dry for �3 h,
protected from light. The dried cards were stored at ambient temperature
with a desiccant (silica) and away from light.

Analyte extraction. For the plasma quantification of RPT and its me-
tabolite, the drugs were extracted from 20 �l of heparinized plasma via
protein precipitation with 0.5 ml acetonitrile fortified with 0.5 mg/ml
ascorbic acid and 100 �l of 500 ng/ml isotopically labeled rifampin on a
96-well Captiva 0.45-�m protein precipitation plate (Agilent Technolo-
gies, CA). RPT and desRPT were eluted into the 96-well collection plate
via vacuum filtration; the eluents were further diluted 2-fold with 5 mM
ammonium formate in water fortified with 0.5 mg/ml ascorbic acid. One
microliter was used for downstream liquid chromatography-tandem
mass spectrometric (LC-MS/MS) analysis. For DBS whole-blood quanti-
fication of RPT and desRPT, the optimal punch size (between 3 and 6
mm) using a Harris Uni-Core punch was evaluated first by comparing
samples spiked with 50 ng/ml RPT and desRPT. For drug extraction, a
6.0-mm spot was punched out of the Whatman protein saver 903 card and
immediately transferred to a 96-deep-well plate. To each well, 20 �l of a
500 ng/ml solution of [2H3]rifampin was added, followed by 450 �l of an
extraction solvent containing a 90:10 methanol-to-50 mM ammonium
formate buffer ratio with 0.5 mg/ml ascorbic acid. The plates were then
capped and mixed via a titer plate shaker for 1 h. Following extraction, a
400-�l aliquot was transferred to a new 96-well plate, and 10 �l was
analyzed by LC-MS/MS.

LC-MS/MS conditions and instrumentation. The LC-MS/MS method
used for drug quantification was based on previously described methods
(15). The analytes of interest were separated using a Waters BEH C8, 50-
by 2.1-mm, and 1.7-�m particle size column at ambient temperature. The
mobile phase system for both the loading and eluting pumps consisted of
an aqueous mobile phase of 5 mM ammonium formate in water (mobile
phase A) and an organic mobile phase containing 3% DMSO in acetoni-
trile (mobile phase B). The chromatographic method is illustrated in Ta-
ble S1 in the supplemental material. Due to the unavailability of isotopic
analogs for RPT and desRPT, isotopically labeled rifampin, a structural
analog of RPT and desRPT, was used as an internal standard for both
analytes to determine the peak area ratios (Fig. 1). The analytes were

FIG 1 Structures of rifapentine (A), desacetyl-rifapentine (B), and isotopically labeled rifampin (C), along with the chemical formulas and the mass/charge ratios
of the compounds.

Parsons et al.

6748 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


detected over a 4.0-min run using an AB Sciex QTRAP 5500 mass analyzer
(Foster City, CA) interfaced with a Waters Acquity ultraperformance liq-
uid chromatography (UPLC) system (Milford, MA). The instrument pa-
rameters were optimized for maximal ionization of the drug parent and
product ions, and the analytes were monitored in selected reaction mon-
itoring (SRM) mode. The ion transitions monitored for RPT, desRPT,
and isotopically labeled rifampin were m/z 877.6¡m/z 845.5, m/z
835.5¡m/z 803.5, and m/z 826.6¡m/z 749.5, respectively.

Assay validation. A full description of the analytical methods em-
ployed during assay validation is included in the supplemental material.
The LC-MS/MS methods were validated in accordance with recommen-
dations by the Food and Drug Administration (FDA) “Guidance for in-
dustry: bioanalytical method validation” (16).

Accuracy and precision. The validation metrics tested included in-
terassay and intra-assay accuracy (% deviation) and precision (% co-
efficient of variation [%CV]), calibration curve analysis, recovery, sen-
sitivity, matrix effects, extraction efficiency, selectivity, and stability.
The other factors evaluated included the impact of paper type on re-
covery, punch location, punch size, hematocrit value, and temperature
stability.

Calibration curve analysis. A 20-point calibration curve was used for
the validation of both the plasma and whole-blood assays. The calibration
correlation of the analytes was assessed by dividing the peak area of each
calibration point by the area of the internal standard, thereby obtaining a
ratio. The calibration curves for both RPT and its metabolite were gener-
ated by plotting the peak area ratio versus the concentration. The calibra-
tion correlation of the curves was assessed from the r2 of a 1/x2 weighted
quadratic regression analysis. Quadratic regression was required to cover
the desired analytical measuring range.

Stability studies. Stability studies were performed under a variety of
conditions; the challenges were specimen source specific. The whole-
blood samples as DBS were subjected to sample matrix stability at room
temperature unprotected from light, injection matrix stability following
analyte extraction from DBS, and subjected to high heat (45°C) and hu-
midity (100%) while stored in plastic bags with desiccant and protected
from light. The plasma samples were subjected to sample matrix stability
at room temperature with and without protecting from light, injection
matrix stability, and three freeze-thaw cycles. Sample matrix stability was
defined as the stability of RPT and desRPT in plasma or whole blood as
DBS at room temperature with or without protection from light. Injection
matrix stability assessed analyte stability following extraction from the
specimen source and in the sample injection solution. The stability chal-
lenges tested were performed based on both FDA recommendations and
the types of conditions that samples may encounter during large clinical
trials. Both whole-blood and plasma concentrations were deemed stable if
there was �15% difference between the stability-challenged and freshly
extracted specimens.

Matrix effect characterization. Matrix effects were assessed quantita-
tively according to Matuszewski and colleagues (17). The quantitative
determination of matrix effects, in addition to recovery and processing
efficiency, was performed through the generation of solutions at QC con-
centrations across 6 different lots of whole blood or plasma. Three sets of
conditions were tested. An unextracted (neat or never extracted) set was
prepared by spiking RPT, desRPT, and isotopically labeled internal stan-
dard into 500 �l of acetonitrile with 0.5 mg/ml ascorbic acid and 500 �l of
5 mM ammonium formate with 0.5 mg/ml ascorbic acid (to mimic
plasma conditions) or 450 �l of 90:10 methanol to 50 mM ammonium
formate buffer with 0.5 mg/ml ascorbic acid (to mimic whole blood under
dried blood conditions), to achieve final concentrations of 150, 2,500, and
70,000 ng/ml. The unextracted set was generated in the absence of plasma
or whole blood as dried blood spot matrices but was subjected to the same
dilution process implemented for injection into the LC-MS/MS system.
For a postextracted set, multiple lots of plasma or whole blood as DBS
were extracted as previously described but were spiked with stock solu-
tions of RPT and its metabolite, as well as the internal standard postpro-

cessing. A preextracted set was analyzed by processing the QC levels pre-
pared in plasma or whole blood as dried blood spots, as previously
described. A comparison of the peak responses of the unextracted, preex-
tracted, and postextracted sample sets was performed to determine matrix
effects, processing, and recovery efficiency, respectively.

Clinical experimental protocol. The phase I open-label dose escala-
tion study was aimed at defining the maximal tolerated dose of RPT in
healthy volunteers when given orally once daily; the experimental design
and findings have been reported elsewhere (15). In brief, 26 participants
received oral RPT at doses ranging from 5 to 20 mg/kg of body weight
daily for 14 days. PK sampling was performed after the first and 14th
doses, and hematocrit levels were checked at each study visit. The exclu-
sion criteria for the study participants included serum creatinine of �1.5
mg/dl, albumin of �3.5 g/dl, hemoglobin of �12.0 g/dl (men) or �11.0
g/dl (women), neutrophil count of �1,250/mm3, platelet count of
�125,000/mm3, and/or a positive human chorionic gonadotropin (hCG)
test. The study was approved by the IRBs of the Johns Hopkins University
School of Medicine and the U.S. Centers for Disease Control and Preven-
tion.

Clinical sample collection, processing, and storage. Sampling for
plasma PK analyses was performed predose and at 0.5, 1, 2, 4, 5, 8, 12, 24,
34, 48, and 72 h postdose. Whole blood was collected on DBS cards at a
single randomly chosen time point during each PK visit, in parallel with
the plasma collection. Venous blood was collected into a K2EDTA tube,
and a 25-�l drop of whole blood (the optimal volume recommended by
the card manufacturer) was applied to a Whatman protein saver 903 card
using a positive displacement pipette. The experiments were performed in
duplicate. The DBS cards were dried thoroughly on a drying rack for 3 h in
the dark. The cards were individually wrapped in aluminum foil to protect
them from the light, and each card was placed in a plastic zip-locked bag
with a sachet of desiccant and stored in the freezer at �70°C.

Comparison of plasma and DBS assay results. Forty-four matched
plasma and whole-blood samples as DBS from participants receiving RPT
were analyzed to assess the ability to use whole blood as a DBS for RPT and
desRPT quantification, in accordance with the recommendations by
the Clinical and Laboratory Standards Institute guidelines (18). The
correction for individual hematocrit value was calculated as follows:
[DBS]hematocrit � [DBS]/[1 � (hematocrit/100)]. The correction for
population bias was defined as the geometric mean of the drug concen-
tration in plasma and whole blood.

A comparison of the methods was carried out using Passing-Bablok
analysis, with plasma drug concentrations plotted on the x axis (19).
Bland-Altman plots were used to assess the agreement between the plasma
and whole-blood values, with and without correction for individual he-
matocrit values or a population-based correction factor (20).

To assess bias and imprecision, the median percentage prediction er-
ror (MPPE) and median absolute percentage prediction error (MAPE)
were calculated, respectively, comparing predicted RPT and desRPT con-
centrations from DBS, both raw and hematocrit corrected (Craw and Chct,
respectively), to the drug levels from plasma (Cplasma). When the drug
concentration levels were below the limit of quantification (BLQ), the
drug level was set to 25 ng/ml (BLQ/2, as standard practice). The measures
used for assessment were calculated as follows: MPPE � median [100% �
(Craw or Chct � Cplasma)/Cplasma], and MAPE � median [100% � �(Craw

or Chct � Cplasma)�/Cplasma]. MPPE and MAPE values of �15% were con-
sidered acceptable (21).

RESULTS
Chromatographic and mass spectrometric optimization. The
LC-MS/MS methodology used for separating RPT and desRPT
from plasma and whole-blood samples was optimized in several
ways. Adding ascorbic acid to the extraction solvents prevented
the drugs from becoming oxidized to form quinones and
thereby maintained the molecular character and m/z for the
analytes. The increasing flow rate following compound elution
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minimized carryover over the dynamic range of the assays. The
chromatographic gradient is illustrated in Table S1 in the sup-
plemental material. For drugs extracted from both plasma and
whole-blood DBS, RPT, desRPT, and deuterated RIF elute at
1.40 min, 1.21 min, and 1.25 min, respectively (Fig. 2). The
mass spectrometric conditions were optimized via the direct
infusion of the analytes into the mass analyzer. The product
ions were identified and selected for monitoring based on in-
tensity and abundance. The parent-to-product ion transitions
are described in Materials and Methods.

The initial development of the methods for extraction from
whole-blood DBS involved spiking whole blood with various
RPT concentrations and applying it to DMPK-A, DMPK-B,
DMPK-C, and Whatman 903 filter papers. The Whatman 903
and DMPK-C DBS papers had the highest recovery of observed
RPT and desRPT to the analytes prepared in solvent and were
deemed optimal (see Table S2 in the supplemental material).
Full bioanalytical validation was performed using the less ex-
pensive Whatman 903 DBS paper. Punch size comparisons
demonstrated that the 6-mm punch was the optimal size for
drug quantification, providing increased recovery and im-
proved signal intensity on the mass analyzer (see Table S3 in the
supplemental material).

Accuracy and precision. The precision and accuracy for RPT
and desRPT quantified in plasma and whole blood were accept-
able according to FDA recommendations (Table 1). Within-run
(intra-assay) and between-run (interassay) precision and accu-
racy were comparable for RPT and desRPT isolated from plasma
and whole blood at all QC levels tested (Table 1).

Calibration curve analysis. Calibration curves for both RPT
and its metabolite were generated by plotting the peak area
ratio versus drug concentration. The calibration correlation of
the curves was assessed from the r2 of a 1/x2 weighted quadratic
regression analysis. Quadratic regression was required to cover
the desired analytical measuring range. The average r2 for both

analytes was �0.996 for plasma and �0.997 for whole-blood
DBS. Representative calibration curves in whole blood are
shown in Fig. 3.

RPT and desRPT stability studies. The results from the sam-
ple stability challenges are summarized in Table 2. RPT and
desRPT in whole blood applied to DBS, incubated at room tem-
perature, and protected from light for 48 h showed a percent dif-
ference in the mean concentration ranging from �4.97% to
�3.89% and �1.21% to 4.72%, respectively. The heat- and hu-
midity-challenged samples exhibited �4.13% (positive or nega-
tive) difference for both RPT and its metabolite between whole-
blood samples as DBS incubated at 45°C and 100% humidity for
24 h and nonchallenged samples (Table 2). Also, the stability of the
DBS samples under heat and humidity challenges was only accept-
able if the cards were stored in plastic bags with a desiccant. Long-
term stability studies indicated that RPT and desRPT were stable
for at least 11 weeks protected from light stored in a plastic bag
with a desiccant but were unstable after 9 months under these
storage conditions (data not shown).

The QC levels prepared in plasma were stable in sample matrix
for 1 day unprotected from light and 2 days protected from light,
but the samples were not stable for longer periods of time (Table 2
and data not shown). Across the tested QC levels, the sample ma-
trix stability for RPT and desRPT ranged in the percent differences
of tested concentrations in freshly prepared samples from
�9.76% to 7.65% and �5.01% to �2.31%, respectively. The
plasma samples were stable in injection matrix for 5 days and for 3
freeze-thaw cycles (Table 2).

Matrix effects, recovery, and processing efficiency. The aver-
age peak areas for the analytes and internal standard, along with
matrix effects, recovery, and processing efficiency, are summa-
rized in Table 3. RPT and desRPT exhibited no ion suppression or
enhancement in plasma, but ion suppression was observed in
whole blood. While plasma had nearly 100% recovery for both
the analytes and internal standard, whole blood demonstrated

FIG 2 Chromatograms of drug-free and drug-spiked whole-blood DBS for the monitoring of ion transitions for rifapentine (A), desacetyl-rifapentine (B), and
[2H3]rifampin (C). The drug-spiked whole blood concentration was 50 ng/ml (LLOQ) for both drugs, and the internal standard concentration spiked was 500
ng/ml.
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a lower recovery for both RPT and its metabolite. However, the
internal standard recovery remained at nearly 100%. This was
expected, since it is not added at the same time that the sample
matrix is added to the collection device. The average matrix
effects, recovery efficiency, and processing efficiency are de-
scribed in Table 3.

Relationship of RPT and desRPT concentrations in DBS ver-
sus plasma. A lower recovery rate was observed in the QC whole-
blood samples with lower hematocrit levels; specifically, in whole-
blood samples adjusted to 20% hematocrit, recovery was �80% of
the expected concentrations of RPT and desRPT. While higher-
level hematocrit samples showed increased drug concentrations,

the degree of increase was not outside the variation of the assay
(data not shown).

For the samples from healthy volunteers, a comparison of the
matched plasma and whole-blood DBS was performed. The
MPPE and MAPE values for comparisons of RPT (MPPE,
�38.9%; MAPE, 39.2%) and desRPT (MPPE, �49.7%; MAPE,
49.8%) DBS to plasma suggest unacceptable bias and imprecision.
When individually based hematocrit levels were used to correct
the DBS drug concentrations, both bias and imprecision im-
proved. Both were acceptable for RPT (MPPE, 0.7%; MAPE,
6.0%), and only bias was acceptable for desRPT (MPPE, �14.3%;
MAPE, 17.5%).

TABLE 1 Intra-assay and interassay precision (%CV) and accuracy (%DEV) results for rifapentine and desacetyl-rifapentine quality control
samples prepared in plasma and in whole-blood dried blood spots

QC levela

Intra-assay precision and accuracy Interassay precision and accuracy

Mean (ng/ml) SD (ng/ml) %CV %DEV Mean (ng/ml) SD (ng/ml) %CV %DEV

RPT
DBS

LLOQ 53.5 3.46 6.47 6.96 51.3 3.48 6.78 2.63
Low 158 5.15 3.26 5.33 155 9.65 6.23 3.33
Medium 2,644 94.5 3.57 5.76 2,625 95.7 3.64 5.01
High 70,100 3,979 5.68 0.14 70,367 6,706 9.53 0.52

Plasma
LLOQ 56.6 4.47 7.88 13.3 53.6 4.64 8.66 7.19
Low 136 3.73 2.75 �9.67 133 5.92 4.45 �11.3
Medium 2,475 187 7.57 �1.00 2,516 136 5.41 0.64
High 73,533 2,183 2.97 5.05 74,306 3,141 4.23 6.15

desRPT
DBS

LLOQ 49.8 2.77 5.56 �0.32 47.1 4.32 9.19 �5.89
Low 149 6.78 4.55 �0.67 146 8.66 5.94 �2.80
Medium 2,424 65.8 2.71 �3.04 2,424 97.8 4.04 �3.04
High 70,220 6,491 9.24 0.31 69,420 7,175 10.3 �0.83

Plasma
LLOQ 51.4 3.55 6.91 2.70 52.9 4.47 8.46 5.70
Low 136 4.62 3.39 �9.22 137 14.8 10.8 �8.41
Medium 2,685 99.1 3.69 7.40 2,601 131 5.04 4.02
High 72,717 2,651 3.65 3.88 72,911 3,258 4.47 4.16

a The quality control (QC) levels are defined as follows: LLOQ, 50 ng/ml; low, 150 ng/ml; medium, 2,500 ng/ml; and high, 70,000 ng/ml. RPT, rifapentine; DBS, dried blood spots;
desRPT, desacetyl-rifapentine.

FIG 3 Representative calibration curve for rifapentine and desacetyl-rifapentine from whole-blood DBS. The analytical measuring range for both drugs is 50 to
80,000 ng/ml, and the curves were fit to the calibrators using a quadratic regression with 1/x2 weighting. The calibration curves are displayed on a log-log scale
so that all calibration points would be visible. The y axis is the peak area ratio of the analyte to the internal standard, and the x axis demarcates analyte
concentration.
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Graphical comparisons between the methods are shown in Fig.
4. Bland-Altman plots illustrate a 0.63 (95% confidence interval
[CI], 0.58 to 0.68) bias for RPT and a 0.53 (95% CI, 0.46 to 0.61)
bias for desRPT. When individually based hematocrit levels were
used to correct the drug concentrations, the bias for RPT was 1.07
(95% CI, 0.99 to 1.12), and the bias for desRPT was 0.91 (95% CI,
0.79 to 1.03).

A scatter plot analysis of plasma concentrations compared to
whole-blood drug concentrations as extracted from DBS was per-
formed using a Passing-Bablok fit. Figure 5 illustrates the concor-
dance of whole blood as DBS and plasma drug concentrations
using Passing-Bablok fit for three scenarios: unadjusted DBS con-
centrations, adjustment of whole-blood values for population-
based estimates of Bland-Altman bias, and adjustment of whole
blood as DBS values for individual patient hematocrit values. The
unadjusted whole blood as DBS has a proportional bias compared
to plasma, as the slopes were 0.56 (95% CI, 0.50 to 0.64) for RPT
and 0.50 (95% CI, 0.47 to 0.55) for desRPT (a slope of 1.00 would
show no bias). When the Bland-Altman bias is used as a general
population-based correction factor, the slope for RPT was 0.90
(95% CI, 0.80 to 1.01) and the desRPT slope was 0.95 (95% CI,
0.89 to 1.03). After adjusting for patient-specific hematocrit, a
comparison of whole blood to plasma showed a slope of 0.98 (95%
CI, 0.87 to 1.10) for RPT and 0.86 (95% CI, 0.81 to 0.93) for
desRPT.

DISCUSSION

This work describes the development and validation of a high-
throughput assay for the quantification of the anti-TB drug RPT
and its metabolite, desRPT, in plasma and whole blood as DBS.
Extensive precision, accuracy, and stability studies were per-

formed. The analytical measuring ranges of the assays for both
RPT and desRPT, which were 50 to 80,000 ng/ml, were suffi-
cient to encompass clinically relevant drug concentrations, as
indicated by previously described single- and multiple-dose
studies (14, 22). The plasma and individual hematocrit-cor-
rected whole-blood DBS values for RPT and desRPT correlated
well (slopes of 0.98 [95% CI, 0.87 to 1.10] and 0.86 [95% CI,
0.81 to 0.93], respectively), the limits of quantification were
acceptable for both matrices, and both RPT and desRPT were
stable in whole-blood DBS for �11 weeks at room tempera-
ture. Of note, full validation of whole blood as DBS was per-
formed in the whole-blood set at a hematocrit of 40%. While
the hematocrit used for validation is reflective of a healthy
population as opposed to the volume of red blood cells typi-
cally observed in a TB-infected population (i.e., hematocrit,
35%), the ruggedness of the assay was subsequently demon-
strated for both RPT and its metabolite over a wide hematocrit
range. Therefore, the described method is appropriate for both
healthy populations and TB-infected individuals.

Whole-blood DBSs are increasingly being utilized by phar-
maceutical companies from the earliest stages of drug develop-
ment, including animal toxicology studies, preclinical efficacy
models, first-in-human, and treatment efficacy trials (23, 24),
and the cost savings can be substantial (25, 26). Whole-blood
DBS, however, cannot be used for all drugs. Notably, whole-
blood DBS cannot be used for drug development if any of the
following conditions are true: the lower limit of quantification
is too high (poor sensitivity), blood/plasma partitioning is con-
centration or time dependent, the drug or its metabolites are
not stable on the filter paper, there is puncher carryover, or the

TABLE 2 RPT and desRPT whole-blood DBS and plasma stability challenges

QC levela

Sample matrix stabilityb Injection matrix stabilityc

Heat stability (whole-blood DBS) or
freeze-thaw cycles (plasma)d

Control
mean

Treated
mean % Difference

Control
mean

Treated
mean % Difference

Control
mean

Treated
mean % Difference

Whole-blood DBS
RPT

Low 161 153 �4.97 156 156 �0.51 144 142 �1.32
Medium 2,670 2,554 �4.34 2,448 2,620 7.03 2,474 2,468 �0.24
High 65,320 62,780 �3.89 66,720 68,300 2.37 67,160 66,380 �1.16

desRPT
Low 149 147 �1.21 142 147 3.38 158 164 4.13
Medium 2,374 2,486 4.72 2,278 2,308 1.32 2,656 2,734 2.94
High 61,060 63,640 4.23 64,220 67,660 5.36 73,920 73,880 �0.05

Plasma
RPT

Low 131 141 7.65 130 138 6.63 148 148 0.11
Medium 2,510 2,265 �9.76 2,548 2,535 �0.52 2,635 2,435 �7.59
High 70,150 66,625 �5.02 72,550 67,650 �6.75 70,150 68,200 �2.78

desRPT
Low 137 133 �2.74 145 136 �6.59 130 135 3.85
Medium 2,743 2,605 �5.01 2,652 2,682 1.13 2,775 2,588 �6.76
High 69,400 67,800 �2.31 70,933 66,200 �6.67 69,400 69,300 �0.14

a QC levels are defined as follows: low, 150 ng/ml; medium, 2,500 ng/ml; high, 70,000 ng/ml.
b n � 5 for whole-blood DBS (2 days in the light at room temperature) and n � 4 for plasma (1 day in the light at room temperature).
c n � 5 for whole-blood DBS (3 days in injection matrix on a reanalyzed curve) and n � 6 for plasma (5 days in injection matrix on a reanalyzed curve).
d n � 5 for whole-blood DBS (1 day at 45°C with 100% humidity with samples stored in plastic bag with desiccant) and n � 4 for plasma (3 freeze-thaw cycles).
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unbound drug fraction is not constant in plasma over a wide
range of concentrations (27).

Most drugs are quantified in plasma or serum, which are aque-
ous specimen sources. The protein content of whole blood,
though, results in a differential drug partitioning of water-soluble
drugs, such as RPT. Thus, the physiological differences between
whole blood and plasma must be taken into account in the quan-
tification and interpretation of drug concentrations, and each
drug must be tested individually to ensure that whole blood col-
lected as a DBS can be used for PK evaluations. While the MPPE
and Bland-Altman plots showed a negative bias in a comparison of
whole blood as DBS to plasma for RPT and its metabolite, the
correction for hematocrit significantly improves the bias, result-
ing in an overall concordance between the specimen types and an
acceptable bias (Passing-Bablok slopes, 0.98 [95% CI, 0.87 to
1.10] and 0.86 [95% CI, 0.81 to 0.93] and intercepts of 356 [95%
CI, �452 to 1,827] and �144 [95% CI, �500 to 73.1]; MPPE of
0.7% and �14.3% for RPT and its metabolite, respectively). Im-
precision, as measured by MAPE, also markedly improves to an
acceptable level upon correction for hematocrit for RPT. Correc-
tion for hematocrit appears to impact RPT DBS bias and impre-
cision more than that for desRPT, as desRPT MAPE was higher
than acceptable (17.5%) even after hematocrit correction. As RPT
exposures are used for PK/PD analyses assessing concentration-
effect and dose-toxicity relationships, and desRPT concentrations
are not predictive of treatment response or toxicity, an accurate
estimation of RPT concentrations is more clinically relevant than
that for desRPT.

The requirement of knowing hematocrit is a disadvantage of
this assay method. However other investigators have shown
that it may be possible to estimate hematocrit from whole-
blood DBS samples via measurement of potassium using rou-
tine clinical analyzers, circumventing the need for a separate
blood draw for hematocrit determination (28). Potassium is an
intracellular electrolyte found predominantly in erythrocytes,
with serum, plasma, and other cells found in whole blood con-
tributing a minimal amount of the total blood potassium con-
centrations. Thus, the measurement of potassium in DBS can
be used to predict hematocrit, allowing for patient-specific he-
matocrit corrections postcollection. Alternatively, to avoid the
requirement for patient-specific hematocrit corrections, a cor-
relation between plasma and whole blood collected as DBS
samples can be assessed in other settings to evaluate whether or
not the population-based Bland-Altman bias is consistent
across populations. If that is the case, individual hematocrit
values may not be needed, and a standard correction could be
applied. Evaluating DBS in other settings would have the ben-
efit of allowing an additional assessment of matrix effects in the
whole blood of patients with TB receiving treatment in differ-
ent geographic areas. In addition, validation of a method for
the quantification of RPT from capillary blood collected by
finger stick would be needed prior to the implementation of
finger stick for specimen collection on DBS.

Of note, whole-blood DBS methods have been investigated for
therapeutic drug monitoring (TDM) of TB drugs (29). The utility
of patient- and clinic-friendly sample collection techniques for
TDM is particularly evident for drugs with a narrow therapeutic
margin, like linezolid (30, 31). The efficacy of TB treatment is
highly dependent on achieving adequate drug concentrations of
rifamycin antibiotics, as these drugs have unparalleled steriliz-
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ing activity against M. tuberculosis when adequate exposure is
achieved. For reasons that are only partially understood, the con-
centrations of rifamycins in the blood of TB patients vary substan-
tially (32, 33). The DBS method for RPT enhances the potential
for identifying patients in clinical trials with microbiological, ra-
diographic, and pharmacokinetic characteristics that may allow
for TB treatment of �6 months. Thus, the development of whole-
blood DBS methods for measuring rifampin and RPT may be of
high value for both drug optimization efforts and eventual TDM
once the most effective doses of these drugs are established (13, 14,
29, 34–36).

Although this work demonstrates the potential utility of DBS
analysis as a mechanism for drug quantification, particularly in
resource-limited environments, there are limitations to the use of
DBS in general that should be kept in mind. In addition to the
standard requirements for validating bioanalytical assays, addi-
tional steps are required for DBS method development, such as an

assessment and definition of sampling methods and evaluation of
the effects of hematocrit and blood volume on assay results, as well
as an assessment of matrix effects and recovery from DBS (9, 30).
Further validation steps are required to ensure the agreement of
whole-blood and serum or plasma drug concentrations and the
proper interpretation of results generated from DBS analysis. In
addition, extra training of both the individuals collecting the
blood and laboratory technicians is mandatory.

In conclusion, we developed an accurate and reproducible
method to quantify concentrations of RPT, a potent anti-TB drug,
and its metabolite, collected as DBS on Whatman 903 filter paper
from venipuncture, using LC-MS/MS analysis. While further
studies are required to recapitulate the described findings in cap-
illary blood collected by finger stick, this methodology may be
helpful for drug quantification in upcoming international clinical
trials and drug evaluations in small children. Additional consid-
erations for DBS use in upcoming studies are focused on the mode

FIG 4 Bland-Altman plots of rifapentine (A and C) and desacetyl-rifapentine (B and D) concentration ratios of whole-blood DBS to plasma versus the
average of the two concentrations (whole blood and plasma). The dark gray solid line is the mean ratio (bias) and the dashed lines are the limits of
agreement (mean ratio 	 1.96 � standard deviation of the ratio). Shown are the whole-blood concentrations (A and B) and a comparison of participant-
corrected hematocrit whole-blood concentrations with plasma concentrations (C and D). The one outlier seen in all four plots is from the same subject
at the same time point. The most logical reason for the outlier status of this sample is that the plasma sample was drawn 23 min prior to the DBS sample,
and therefore, the DBS concentrations were higher than those of plasma.

Parsons et al.

6754 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


FIG 5 Passing-Bablok regression between concentrations in whole-blood DBS and plasma are displayed. The dark solid line is the Passing-Bablok fit, and the
dashed lines are the 95% CI bands. The scatter plots illustrate uncorrected whole-blood rifapentine (A) and desacetyl-rifapentine (B) versus plasma drug
concentrations, with regression line slopes and intercepts of 0.56 (95% CI, 0.50 to 0.64) and 303 (95% CI, �188 to 1,142), and 0.50 (95% CI, 0.47 to 0.55) and
�8.84 (95% CI, �239 to 133), respectively. (C and D) Bland-Altman-corrected whole-blood rifapentine (C) and desacetyl-rifapentine (D) drug concentrations
compared to those in plasma, with regression line slopes and intercepts of 0.90 (95% CI, 0.80 to 1.01) and 443 (95% CI, �273 to 1,652), and 0.95 (95% CI, 0.89
to 1.03) and �31.7 (95% CI, �489 to 185), respectively. (E and F) Participant-specific hematocrit-corrected whole-blood rifapentine (E) and desacetyl-
rifapentine (F) concentrations compared to those in plasma, with regression line slopes and intercepts of 0.98 (95% CI, 0.87 to 1.10) and 356 (95% CI, �452 to
1,827), and 0.86 (95% CI, 0.81 to 0.93) and �144 (95% CI, �500 to 73.1), respectively.
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of collection and participant-specific hematocrit collection. Yet,
the lower cost, ease of processing, storage, and shipping, and sta-
bility may allow for enhanced PK/PD analyses as this promising
anti-TB drug is evaluated further.
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