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Dried blood spot (DBS) antibiotic assays can facilitate pharmacokinetic (PK)/pharmacodynamic (PD) studies in situations
where venous blood sampling is logistically difficult. We sought to develop, validate, and apply a DBS assay for rifampin (RIF),
fusidic acid (FUS), and ciprofloxacin (CIP). These antibiotics are considered active against organisms in biofilms and are there-
fore commonly used for the treatment of infections associated with prosthetic implants. A liquid chromatography-mass spec-
troscopy DBS assay was developed and validated, including red cell partitioning and thermal stability for each drug and the ri-
fampin metabolite desacetyl rifampin (Des-RIF). Plasma and DBS concentrations in 10 healthy adults were compared, and the
concentration-time profiles were incorporated into population PK models. The limits of quantification for RIF, Des-RIF, CIP,
and FUS in DBS were 15 �g/liter, 14 �g/liter, 25 �g/liter, and 153 �g/liter, respectively. Adjusting for hematocrit, red cell parti-
tioning, and relative recovery, DBS-predicted plasma concentrations were comparable to measured plasma concentrations for
each antibiotic (r > 0.95; P < 0.0001), and Bland-Altman plots showed no significant bias. The final population PK estimates of
clearance, volume of distribution, and time above threshold MICs for measured and DBS-predicted plasma concentrations were
comparable. These drugs were stable in DBSs for at least 10 days at room temperature and 1 month at 4°C. The present DBS anti-
biotic assays are robust and can be used as surrogates for plasma concentrations to provide valid PK and PK/PD data in a variety
of clinical situations, including therapeutic drug monitoring or studies of implant infections.

Pharmacokinetic (PK)/pharmacodynamic (PD) studies of in-
fectious diseases explore the triangular relationship between

antibiotic exposure, the antibiotic susceptibility of the infecting
organism (taken as the MIC), and predefined clinical outcomes
(1). This allows estimation of microbiological susceptibility
“breakpoints,” facilitates the design of optimal dosing regimens
(2), and provides data relating to the emergence of drug-resistant
organisms (3, 4). Most PK/PD studies are performed in animal
models or in highly selected samples of adults, such as patients in
intensive care units, for whom sequential sampling of sufficient
volumes of venous blood is both feasible and ethical. In contrast,
PK/PD studies are rarely performed on other hospitalized or am-
bulatory patient populations due to difficulties associated with
blood sampling. Relevant examples include patients receiving
treatment for implant infections, young children, and patients
treated in nonurban or resource-poor settings.

Measurement of drug concentrations in dried blood spots
(DBSs) represents a new approach to overcome the limitations of
traditional therapeutic drug monitoring and PK/PD studies. DBSs
are a convenient and inexpensive means of sampling and storage
of whole blood for subsequent assays. Low-volume finger prick
samples (10 to 20 �l) are taken on filter paper, a method which
could enable patients to collect their own samples in a domiciliary
setting. Recent studies demonstrated that accurate measurement
of drug concentrations in DBSs is feasible in animal models and
human studies of antibiotics (5–7) and other drugs (8–10). Finger
or heel prick samples can be taken serially and stored with a des-
iccant, without the need for processing and freezing of plasma. A
small-diameter disc, or chad, can be subsequently punched out
from the filter paper, and the drug can be eluted into a liquid
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TABLE 1 LC-tandem MS parameters for ciprofloxacin, fusidic acid,
rifampin and desacetyl rifampin and their deuterated internal standards

Compound Mode
Precursor-product
ion pair m/z

Collision
energy (V)

Ciprofloxacin ESI positive 332.2 � 314.2 �20.1
Ciprofloxacin-d8 ESI positive 340.2 � 322.2 �21.4
Desacetyl rifampin ESI positive 781.5 � 749.35 �13
Desacetyl rifampin-d4 ESI positive 785.5 � 753.4 �11.6
Rifampin ESI positive 823.3 � 791.55 �19
Rifampin-d4 ESI positive 827.30 � 795.45 �20.2
Fusidic acid ESI negative 515.3 � 455.30 19.1
Fusidic acid-d6 ESI negative 521.47 � 461.40 19.7
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matrix prior to a liquid chromatography-mass spectrometry (LC-
MS) assay (6, 8, 10). However, there are few studies that have
demonstrated that DBS drug concentrations can be applied in
PK/PD studies as reliable surrogates for plasma concentrations.

In the setting of implant infections, different combinations of
rifampin (RIF), ciprofloxacin (CIP), and fusidic acid (FUS) are
commonly used for infections of joint arthroplasty and other or-
thopedic, cochlear, intracardiac, and vascular implants. The excel-
lent penetration of these drugs into biofilms surrounding infected
implants is seen as a major advantage over conventional antibiot-
ics such as beta-lactams or glycopeptides, which have relatively
poor penetration that can contribute to clinical failure (11). Nev-
ertheless, there are limited data related to the optimal PK/PD pa-
rameters associated with successful treatment in this situation.
Available PK/PD data for these antibiotics in other clinical settings
suggest that variability in antibiotic exposure, with high and/or
low plasma concentrations in relation to the MIC of the infecting

organism, might contribute to low cure rates and/or toxicity when
implant infections are treated (12).

A relevant example is rifampin, which has substantial interin-
dividual variability in clearance and volume of distribution (13)
and delayed absorption in some individuals (14) and induces its
own metabolism (15). A high rifampin area under the concentra-
tion-time curve from 0 to 24 h (AUC0 –24) has been associated with
cure of pulmonary tuberculosis, while a low AUC0 –24 is associated
with the development of de novo resistance (16). Indeed, PK vari-
ability of antitubercular medications is thought to contribute
more than poor medication adherence to clinical failure (17).
Where tuberculosis is uncommon, such as in resource-rich envi-
ronments like Australia, rifampin is used to treat implant infec-
tions, but comorbidities such as diabetes (18) and obesity (14)
may have a clinically important impact on its disposition.

In the light of this paucity of data, we have developed DBS
assays for RIF, desacetyl rifampin (Des-RIF), CIP, and FUS and

TABLE 2 LOQ and LOD values for plasma and dried blood spot assays for rifampin, desacetyl rifampin, ciprofloxacin, and fusidic acid

Assay type

Rifampin Desacetyl rifampin Ciprofloxacin Fusidic acid

LOQ
(�g/liter)

LOD
(�g/liter)

LOQ
(�g/liter)

LOD
(�g/liter)

LOQ
(�g/liter)

LOD
(�g/liter)

LOQ
(�g/liter)

LOD
(�g/liter)

Plasma 8 3 8 3 19 6 105 45
Dried blood spot 15 5 14 5 25 10 153 62

TABLE 3 Validation data for rifampin and desacetyl rifampin in plasma and dried blood spots

Sample type and parameter

Value for medication

Rifampin at concn (mg/liter) of: Desacetyl rifampin at concn (mg/liter) of:

0.1 1 5 10 0.05 0.1 0.5 5

Plasma
Mean matrix effect (%) �

SD (n � 5)
111 � 2 95 � 4 97 � 6 115 � 4 108 � 5 105 � 8

Mean process efficiency
(%) � SD (n � 5)

90 � 4 84 � 8 85 � 6 89 � 5 87 � 6 83 � 6

Mean absolute recovery
(%) � SD (n � 5)

82 � 4 89 � 8 87 � 7 77 � 3 80 � 3 79 � 3

Interday variation
(RSD%) (n � 5)

6.5 7.5 4.1 4.6 7.7 9.15 6.7 8.1

Intraday variation
(RSD%) (n � 15)

9.2 6.7 5.7 5.9 4.0 5.0 7.3 6.3

Mean accuracy (%) � SD
(n � 15)

106 � 10 118 � 13 105 � 3 102 � 7 109 � 8 106 � 7 109 � 9 101 � 6

Red cell partition ratioa 0.87 0.81 0.70 2.3 1.7

Dried blood spots
Mean matrix effect (%) �

SD (n � 5)
91 � 13 103 � 7 103 � 6 97 � 8 91 � 3 104 � 11

Mean process efficiency
(%) � SD (n � 5)

79 � 5 83 � 5 81 � 6 80 � 4 81 � 2 82 � 5

Mean absolute recovery
(%) � SD (n � 5)

88 � 10 80 � 8 79 � 5 84 � 8 89 � 5 79 � 5

Interday variation
(RSD%) (n � 5)

8.5 7.2 8.3 6.3 7.7 9.98 6.5 5.2

Intraday variation
(RSD%) (n � 15)

7.0 5.8 5.1 4.3 7.8 8.43 5.9 3.9

Mean accuracy (%) � SD
(n � 15)

105 � 8 114 � 11 106 � 11 96 � 6 109 � 8 106 � 7 109 � 9 101 � 6

a The red cell partition ratio for rifampin at 0.5 mg/liter was 0.63, and that for desacetyl rifampin at both 1 and 10 mg/liter was 0.97.
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conducted a PK study in healthy adult volunteers. The drug con-
centrations generated by these assays have been comprehensively
validated against equivalent plasma concentrations by using pop-
ulation PK modeling to ensure broad application of this approach
in different clinical settings.

MATERIALS AND METHODS
Approvals, patients, and sample collection. The present study was ap-
proved by the Fremantle Hospital Human Research Ethics Committee
(14/44). Ten healthy adult employees at Fremantle Hospital (Western
Australia) were recruited. All subjects had no history of allergy (including
anaphylaxis) or other adverse reactions to RIF, FUS, and CIP; had no
history of diabetes or psychiatric, cardiac, renal, or hepatic disease; and
were not pregnant, breastfeeding, or taking hormonal contraceptives. All
subjects gave witnessed informed consent to study procedures. Each sub-
ject was examined, and height and weight were measured. An intravenous
(i.v.) cannula was inserted, and a baseline heparinized blood sample was
taken for drug assays as well as routine biochemical and hematological
tests, including venous hematocrit. Each participant was then given su-
pervised single oral doses of 300 mg RIF (Rifadin; Sanofi-Aventis, Bridge-
water, NJ, USA), 500 mg FUS (Fusidin; Leo Pharma, Ballerup, Denmark),
and 500 mg CIP (Sandoz, Holzkirchen, Germany) taken on an empty
stomach. Further 5-ml heparinized venous blood samples were drawn at
0.5, 1, 2, 4, and 8 h. The cannula was removed, and the final 24-h venous
blood sample was collected by venipuncture.

Blood samples were centrifuged promptly. Plasma was separated and
placed on dry ice before storage at �80°C. At each sampling time point,

TABLE 4 Validation data for ciprofloxacin and fusidic acid in plasma and dried blood spots

Sample type and parameter

Value for medication

Ciprofloxacin at concn (mg/liter) of: Fusidic acid at concn (mg/liter) of:

0.1 1 5 10 1 10 30 50

Plasma
Mean matrix effect (%) �

SD (n � 5)
91 � 8 89 � 6 92 � 7 101 � 10 94 � 8 108 � 6

Mean process efficiency
(%) � SD (n � 5)

78 � 6 79 � 4 86 � 8 83 � 8 86 � 9 93 � 3

Mean absolute recovery
(%) � SD (n � 5)

86 � 3 89 � 3 93 � 8 82 � 5 92 � 10 87 � 4

Interday variation
(RSD%) (n � 5)

10.2 8.8 6.2 5.6 10.7 5.5 4.2 7.0

Intraday variation
(RSD%) (n � 15)

8.9 6.2 8.1 7.2 9.4 8.4 6.8 5.2

Mean accuracy (%) � SD
(n � 15)

103 � 12 105 � 14 107 � 11 97 � 10 106 � 14 104 � 11 106 � 5 98 � 7

Red cell partition ratioa 1.4 1.7 1.6 1.3 1.2 1.4 1.3

Dried blood spots
Mean matrix effect (%) �

SD (n � 5)
80 � 2 105 � 7 107 � 3 105 � 7 103 � 7 113 � 5

Mean process efficiency
(%) � SD (n � 5)

104 � 7 84 � 4 86 � 3 83 � 5 79 � 7 86 � 2

Mean absolute recovery
(%) � SD (n � 5)

77 � 5 80 � 5 81 � 3 79 � 4 77 � 5 76 � 4

Interday variation
(RSD%) (n � 5)

8.4 9.5 9.3 10.3 9.7 9.0 5.5 5.7

Intraday variation
(RSD%) (n � 15)

5.8 8.2 9.5 8.9 6.4 5.9 7.4 4.0

Mean accuracy (%) � SD
(n � 15)

102 � 8 110 � 10 104 � 9 102 � 10 106 � 8 104 � 9 105 � 6 98 � 7

a The red cell partition ratio for ciprofloxacin at 0.5 mg/liter was 1.4.

FIG 1 Concentration-time data for ciprofloxacin, rifampin, and fusidic acid
at concentrations of 2, 5, and 20 mg/liter, respectively. Data for storage at 35°C
(�), 21°C (Œ), and 4°C (o) are shown.
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FIG 2 Relationship between plasma and raw DBS measurements from finger prick and plasma concentrations of rifampin (A), desacetyl rifampin (B),
ciprofloxacin (C), and fusidic acid (D) from healthy volunteers. Linear regression lines (dashed gray lines) are provided. Bland-Altman plots show the mean
differences (solid black lines) and 95% confidence intervals (dashed gray lines).

Rifampin Pharmacokinetics Using Dried Blood Spots

August 2016 Volume 60 Number 8 aac.asm.org 4943Antimicrobial Agents and Chemotherapy

http://aac.asm.org


duplicate DBSs were collected onto filter paper cards (Whatman 903 Pro-
tein Saver cards; GE Healthcare Australia Pty. Ltd., Parramatta, NSW,
Australia) from the venous blood sample. In addition, mixed capillary
blood from a finger prick was taken at the same time as the venous blood
was drawn. Each finger prick sample was both collected into a heparinized
capillary tube and spotted onto filter paper directly from the finger. In
both these situations, blood was drawn by capillary action into the tube
and for distribution evenly over the filter paper. The DBS cards were air
dried at room temperature for 1 to 2 h, placed into an airtight foil envelope
with a single desiccant sachet, and transported on dry ice before storage at
�80°C.

Analytical materials and reagents. RIF (molecular weight [MW] �
822.9), FUS (MW � 516.7), and CIP (MW � 331.35) were purchased
from Sigma-Aldrich Chemicals (St. Louis, MO, USA). The metabolite
Des-RIF (MW � 780.9) and deuterated internal standards (RIF-d4, Des-

RIF-d4, and CIP-d8) were purchased from TLC Pharmaceutical Standards
Ltd. (Voughan, Ontario, Canada). FUS-d6 was purchased from Toronto
Research Chemicals (Toronto, Ontario, Canada). LC-MS-grade formic
acid was purchased from Fisher Scientific (Fair Lawn, NJ, USA). EDTA
and deferoxamine mesylate (DFX) were purchased from Sigma-Aldrich
Ltd. (Gillingham, Dorset, United Kingdom). LC-MS-grade acetonitrile,
methanol, and water were purchased from Fisher Scientific (Fair Lawn,
NJ, USA). All other chemicals were of analytical grade.

Instrumentation and chromatographic conditions. A triple-qua-
drupole mass spectrometer (LCMS-8030; Shimadzu, Kyoto, Japan) was
used for all assays. The instrument comprised a Nexera ultrahigh-perfor-
mance liquid chromatography (UHPLC) pump (LC-30A), a degasser
(model DGU-20A5), an autosampler (SIL-30A), and a column oven
(CTO-30A). Interface sources, electrospray ionization (ESI), and atmo-
spheric pressure chemical ionization (APCI) were included in the system.
All authentic standards (RIF, Des-RIF, FUS, and CIP) and internal stan-
dards (RIF-d4, Des-RIF-d4, CIP-d8, and FUS-d6) were scanned for parent
and product ions. The identified precursor and product ions of all drugs
were further allowed to auto-optimize in the instrument. This gave a more
specific precursor-product ion pair and collision energy for each com-
pound of interest (Table 1). Quantitation was performed by multiple-
reaction monitoring (MRM) in the ESI-positive (ESI�) mode for RIF,
Des-RIF, and CIP, while FUS was quantified by using MRM in the ESI-
negative mode. The optimized mass spectra were acquired with an inter-
face voltage of 4.5 kV, a detector voltage of 1.0 kV, a heat block tempera-
ture of 400°C, and a desolvation temperature of 250°C. Nitrogen was used
as the nebulizer gas at a flow rate of 2 liters/min and as the drying gas at a
flow rate of 15 liters/min. Argon was used as the collision gas at 230 kPa.

Chromatographic separation was performed simultaneously for all
drugs on a Waters Aquity T3 ultraperformance liquid chromatography
(UPLC) C18 column (2.1 by 50 mm, 1.7 �m) connected to a Vanguard
Aquity UPLC C18 precolumn (2.1 by 5 mm, 1.7 �m) (Waters Corp.,
Wexford, Ireland) at a column oven temperature of 40°C. The mobile
phase comprised solvent A (water plus 0.1% [wt/vol] formic acid) and
solvent B (methanol plus 0.1% [wt/vol] formic acid). The flow rate was 0.4
ml/min, and the mobile phase was run in gradient modes of 0.5 to 3.5 min
(solvent B, 10 to 95%) and 3.6 to 5 min (solvent B, 10%), for a total run
time of 5 min. The sample injection volume was 10 �l. Retention times

FIG 3 Rifampin time-concentration profiles for 9 participants (mean, dashed
line) and one excluded patient (solid line) who took the medication during a
nightshift. This demonstrates possible delayed gastric emptying and warranted
exclusion from the population pharmacokinetic model.

TABLE 5 Final population pharmacokinetic estimates from bootstrap results for ciprofloxacin plasma concentrations and dried blood spot
concentrations in samples from nine healthy volunteersa

Parameter

Value

P value

Plasma parameter
Relative difference in DBS
parameter

Estimate 95% CI Estimate 95% CI

Objective function value �194.677 �251.926 to �160.894

Structural model parameters
MTTCIP (h) 0.57 0.33 to 0.667 0.98 0.87 to 1.06 0.46
NNCIP 7.3 1.9 to 12.8 0.78 0.57 to 1.89 0.55
CL/FCIP (liters/h/70 kg) 24.1 22.3 to 27.6 1.05 0.96 to 1.15 0.30
VC/FCIP (liters/70 kg) 108.1 87.5 to 131.1 0.79 0.68 to 0.95 0.032
Q/FCIP (liters/h/70 kg) 36.6 23.7 to 60.6 0.87 0.51 to 1.36 0.52
VP/FCIP (liters/70 kg) 81.7 62.8 to 111.5 1.24 0.97 to 1.61 0.09

Variable model parameters (shrinkage %)
IIV in MTTCIP (%) 25 12 to 93 0.95 0.75 to 1.33 0.73
IIV in NNCIP (%) 171 2 to 271 0.96 0.25 to 1.23 0.75
RV for ciprofloxacin (%) 18 13 to 21 1.53 1.08 to 2.01 0.024

a MTTCIP, mean transit time for CIP; NNCIP, number of transit compartments for CIP; CL/FCIP, clearance relative to bioavailability for CIP; VC/FCIP, central volume of
distribution relative to bioavailability for CIP; Q/FCIP, intercompartmental clearance relative to bioavailability for CIP; VP/FCIP, peripheral volume of distribution relative to
bioavailability for CIP; IIV, interindividual variability; RV, residual variability. IIV is presented as 100%��variability estimate.
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were 2.19, 2.17, 2.45, and 1.9 min for RIF, Des-RIF, FUS, and CIP, respec-
tively.

Sample preparation. RIF and Des-RIF stock solutions were prepared
separately at 5 mg/ml in methanol. The matching deuterated internal

standards were prepared at 1 mg/ml in methanol. A stock solution of CIP
was prepared at 5 mg/ml in 1% (wt/vol) formic acid, and CIP-d8 was
prepared at 1 mg/ml in 1% (wt/vol) formic acid. A FUS stock solution was
prepared at 10 mg/ml in methanol, and its deuterated internal standard

TABLE 6 Final population pharmacokinetic estimates from bootstrap results for fusidic acid plasma concentrations and dried blood spot
concentrations for nine healthy volunteersa

Parameter

Value

P value

Plasma parameter
Relative difference in DBS
parameter

Estimate 95% CI Estimate 95% CI

Objective function value �170.551 �217.904 to �153.882

Structural model parameters
ka, FUS (/h) 2.71 1.26 to 7.99 0.80 0.11 to 1.17 0.20
MTTFUS (h) 1.03 0.86 to 1.20 1.09 1.01 to 1.16 0.03
NNFUS 12.6 11.1 to 14.5 1.01 0.96 to 1.08 0.62
CL/FFUS (liters/h/70 kg) 0.87 0.60 to 1.40 0.91 0.82 to 1.05 0.15
VC/FFUS (liters/70 kg) 8.90 5.10 to 15.1 1.30 0.61 to 1.99 0.38

Variable model parameters (shrinkage %)
IIV in CL/FFUS (%) 22 6 to 35 0.89 0.53 to 1.31 0.47
IIV in MTTFUS (%) 49 27 to 62 1.04 0.89 to 1.18 0.62
IIV in ka, FUS (%) 86 12 to 157 0.92 0.14 to 1.7 0.62
RV for fusidic acid (%) 15 12 to 18 1.11 0.86 to 1.47 0.38

a ka, FUS, absorption rate constant for FUS; MTTFUS, mean transit time for FUS; NNFUS, number of transit compartments for FUS; CL/FFUS, clearance relative to bioavailability for
FUS; VC/FFUS, central volume of distribution relative to bioavailability for FUS; IIV, interindividual variability; RV, residual variability. IIV is presented as
100%��variability estimate.

TABLE 7 Final population pharmacokinetic estimates from bootstrap results for rifampin and desacetyl rifampin plasma concentrations and dried
blood spot concentrations for nine healthy volunteersa

Parameter

Value

P value

Plasma parameter
Relative difference in DBS
parameter

Estimate 95% CI Estimate 95% CI

Objective function value �183.8335 �284.4266 to �118.4457

Structural model parameters
ka, RIF (/h) 3.69 1.85 to 15.14 1.36 0.8 to 1.97 0.30
MTTRIF (h) 0.84 0.66 to 1.14 0.94 0.87 to 1.02 0.11
NNRIF 19.2 90.0 to 39.0 1.23 0.92 to 1.59 0.19
CL/FRIF (liters/h/70 kg) 7.65 5.88 to 9.80 1.18 1.06 to 1.33 �0.01
VC/FRIF (liters/70 kg) 40.6 32.8 to 50.5 1.15 1.03 to 1.31 �0.01
CL/F*D-RIF (liters/h/70 kg) 60.7 42 to 72.6 1.02 0.92 to 1.54 0.73
VC/F*D-RIF (liters/70 kg) 19.8 6.6 to 34.0 1.3 0.47 to 2.53 0.40
Q/F*D-RIF (liters/h/70 kg) 37.7 29.1 to 65.7 1.09 0.60 to 1.87 0.71
VP/F*D-RIF (liters/70 kg) 157 98 to 383 1.05 0.25 to 1.67 0.84

Variable model parameters (shrinkage %)
IIV in ka, RIF (%) 118 50 to 225 1.11 0.82 to 1.39 0.41
IIV in MTTRIF (%) 32 12 to 42 1.02 0.93 to 1.09 0.58
IIV in CL/FRIF (%) 19 2 to 27 0.58 0.22 to 1.00 0.06
IIV in CL/F*D-RIF (%) 13 4 to 38 1.45 0.57 to 2.92 0.19
IIV in VC/F*D-RIF (%) 84 17 to 167 0.58 0.2 to 1.19 0.13
RV for rifampin (%) 25 19 to 31 1.12 0.85 to 1.36 0.56
RV for desacetyl rifampin (%) 31 19 to 39 0.91 0.71 to 1.09 0.29

a ka, RIF, absorption rate constant for RIF; MTTRIF, mean transit time for RIF; NNRIF, number of transit compartments for RIF; CL/FRIF, clearance relative to bioavailability for RIF;
VC/FRIF, central volume of distribution relative to bioavailability for RIF; CL/F*D-RIF, clearance relative to bioavailability and metabolic conversion for Des-RIF; VC/F*D-RIF, central
volume of distribution relative to bioavailability and metabolic conversion for Des-RIF; Q/F*D-RIF, intercompartmental clearance and metabolic conversion for Des-RIF;
VP/F*D-RIF, peripheral volume of distribution relative to bioavailability and metabolic conversion for Des-RIF; IIV, interindividual variability; RV, residual variability. IIV and RV
are presented as 100%��variability estimate.
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(FUS-d6) was prepared at 1 mg/ml in methanol. All the stock solutions
were stored at �80°C. The working standards were prepared by serial
dilution from the primary stock.

Standard curves and quality control samples (QCSs) for the blood and
plasma were prepared by using 10 �l of relevant working standards,
spiked into 1 ml of each matrix, in order to maintain consistency of added
volumes. QCSs were prepared in blank plasma or DBSs at concentrations
of 0.1, 1, 5, and 10 mg/liter for RIF; 0.05, 0.1, 0.5, and 5 mg/liter for
Des-RIF; 0.1, 1, 5, and 10 mg/liter for CIP; and 1, 10, 30, and 50 mg/liter
for FUS. All the QCSs were stored at �80°C prior to use. Standard curve
ranges were 0.01 to 20 mg/liter for RIF, 0.01 to 5 mg/liter for Des-RIF, 0.03
to 20 mg/liter for CIP, and 0.2 to 100 mg/liter for FUS.

DBSs for standard curves and QCSs were prepared by spotting 50 �l of
spiked venous blood onto a Whatman 903 Protein Saver card (GE Health-
care BioScience Corp.) and air drying for 2 to 3 h at room temperature
(	20°C). The dried samples were then sealed within a Whatman foil bag
with silica gel desiccants and stored at �80°C until analysis.

Extraction. The extraction method for plasma and DBSs was adapted
from a previously reported method (19), in which chelation agents were
added to prevent RIF binding to ferrous and ferric ions. Plasma was ex-
tracted by using a protein precipitation method. Plasma (20 �l) was added
to 50 �l of EDTA and DFX solutions (stock, 2 g/liter) and precipitated by
the addition of 300 �l acetonitrile and methanol (50:50) containing the
internal standards RIF-d4, Des-RIF-d4, FUS-d6, and CIP-d8. Samples
were vortexed for 1 min and centrifuged at 1,500 
 g for 10 min. The
supernatant (200 �l) was separated for LC-MS assays. Subsequent sample
preparations were adapted to a deep-well-plate method using 20 �l
plasma and the above-described steps (same volumes). The plate was
shaken on a Thermomixer C instrument (catalog number AG-22331; Ep-
pendorf, Hamburg, Germany) at 1,000 rpm for 30 min. The plate was
centrifuged in a Heraeus Megafuge 16R centrifuge using a plate bucket
(model M-20; Thermo Fisher Scientific Inc., Waltham, MA, USA) at
2,000 
 g for 10 min and then processed in the same manner as the
method described above.

DBS extraction was performed by using a single 6-mm disc (chad)
punched from the middle of the spot using a manual punching device.
The chad was placed into a glass tube, followed by the addition of 50 �l of

EDTA and DFX solutions (stock, 2 g/liter) and 300 �l of acetonitrile and
methanol (50:50) containing the deuterated internal standards. The sam-
ple was sonicated for 30 min and centrifuged at 1,500 
 g for 10 min
before the supernatant (200 �l) was separated for LC-MS assays. This
method was also adapted to a deep-well plate by extracting analytes from
the 6-mm chads as described above. The plate was then shaken at 1,000
rpm on a Thermomixer C instrument for 1 h and centrifuged at 2,000 

g for 10 min, and 200 �l of the supernatant was separated for LC-MS
assays.

Method validation. All samples were within the calibration ranges,
and all standard curves were linear (r2 � 0.998). Chromatographic data
were processed by using LAB Solution (version 5.56; Shimadzu, Japan).
Matrix effects (ion suppression/enhancement), absolute recovery, and
process efficiency were determined for three concentrations of RIF and
CIP (0.1, 1, and 10 �g/ml), Des-RIF (0.05, 0.5, and 5 �g/ml), and FUS (1,
10, and 50 �g/ml) (20). Three sets of matrix were prepared: set 1 com-
prised blank plasma or DBSs first spiked and then extracted, set 2 com-
prised blank plasma or blank DBS first extracted and then spiked postex-
traction, and set 3 comprised pure solutions of the analyte in acetonitrile
and water. The matrix effect (percent) was determined as (set 2 re-
sponse 
 100)/(set 3 response). The process efficiency (percent) was de-
termined as (set 1 response 
 100)/(set 3 response). The absolute recovery
(percent) was determined as (set 1 response 
 100)/(set 2 response). The
accuracy of the method was measured from a QCS run in each batch. The
lower limit of quantification (LOQ) was determined at a signal-to-noise
ratio of 10:1, and the lower limit of detection (LOD) was based on a
signal-to-noise ratio of 3:1.

Effect of hematocrit on matrix, process efficiency, and recovery. A
range of low to high hematocrit values (0.28 to 0.64) was artificially pre-
pared by adding plasma or red cells to whole blood. The matrix effect,
process efficiency, and recovery were assessed as described above.

Blood-to-plasma partition ratio. The blood-to-plasma partition ra-
tio was studied at four different concentrations for each drug (0.1, 0.5, 1,
and 10 mg/liter for RIF, Des-RIF, and CIP and 1, 10, 30, and 50 mg/liter
for FUS). The blood sample was divided into two groups: (i) blank blood,
which was centrifuged first, with plasma being separated and spiked with
the appropriate concentrations of drugs, and (ii) blank blood spiked with

FIG 4 (A) Time-concentration profile of ciprofloxacin (milligrams per liter) for dried blood spot-derived (open circles and dashed line) and measured (closed
circles and solid line) plasma concentrations (data points were artificially separated to aid comparison). (B and C) Normalized VPC for dried blood spot (B) and
plasma (C) concentrations demonstrating the 10th, 50th, and 90th percentiles with the actual data (solid and dashed lines) within their respective 95% prediction
intervals (gray-shaded areas).
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FIG 5 Goodness-of-fit plots for ciprofloxacin plasma (A) and dried blood spot (B) concentrations.
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drugs and processed as whole blood. The samples were incubated at 37°C
in a water bath for 1 h to optimize the equilibration of the respective drugs
within plasma and blood.

The blood-to-plasma partition ratio was determined by using the fol-
lowing equation (21): partition ratio � {(blood [drug])/(plasma [drug])
� (1 � hematocrit)}/hematocrit.

Thermal stability in dried blood spots. Human whole blood (freshly
collected into lithium heparin tubes) was spiked with CIP, RIF, and FUS at
concentrations of 2, 5, and 20 mg/liter, respectively (these concentrations
were relevant to and based on clinical sample concentrations in the pres-
ent study). Aliquots (50 �l) were spotted onto blood collection cards and
air dried at room temperature for 	3 h. The dried spot cards were then
placed into a Whatman foil bag with a mini-silica gel and stored at 35°C
(incubator), 21°C (room temperature, monitored), 4°C (laboratory re-
frigerator), and �20°C until analysis. Extraction and processing of sam-
ples were performed as described above. Samples (n � 3) were analyzed at
predetermined times over a 4-week pilot study period, and the mean
concentrations (� standard deviations [SD]) were used to determine sta-
bility data. The first-order degradation rate constants (in kilodaltons)
were determined by fitting a single exponential equation to the concen-
tration-time data. For the purposes of pharmacokinetic studies, the sta-
bility of drugs in a biological matrix was set at the time for degradation to
95% of the original concentration (t95).

Statistical methods. Correlations between plasma and DBS concen-
trations are provided and were assessed by using Spearman’s rank corre-
lation coefficient (rs). Bland-Altman plots were constructed by using
plasma concentrations as a reference standard (GraphPad Prism version
6.05; GraphPad Software Inc., La Jolla, CA, USA).

Pharmacokinetic modeling. Loge plasma concentration-time data
sets for CIP, FUS, and RIF with Des-RIF in plasma and DBS samples were
analyzed simultaneously by nonlinear mixed-effects modeling using
NONMEM (v 7.2.0; Icon Development Solutions, Ellicott City, MD,
USA) with an Intel Visual Fortran 10.0 compiler. The first-order condi-
tional estimation (FOCE) with interaction estimation method was used.
Allometric scaling was employed a priori, with volume terms being mul-
tiplied by (WT/70)1.0 and clearance terms being multiplied by (WT/
70)0.75, where WT is body weight (22). Two structures for residual vari-

ability (RV), equivalent to proportional and combined RV structures on
the normal scale, were tested for the log-transformed data. Secondary
pharmacokinetic parameters, including areas under the curve (AUC0 –�)
and elimination half-lives (t1/2) for the participants, were obtained from
post hoc Bayesian prediction in NONMEM using the final model param-
eters. Base models were parameterized by using ka (absorption rate con-
stant), VC/F (central volume of distribution), CL/F (clearance), and VP/F
and Q/F (peripheral volumes of distribution[s] and their respective inter-
compartmental clearance rate[s]). For Des-RIF, analyzed simultaneously
with RIF, parameters were relative to the bioavailability of RIF (FRIF) and
the metabolic conversion rate (FMET), represented as F*D-RIF (equal to
FRIF 
 FMET). The minimum objective function value (OFV); goodness-
of-fit plots, including conditional weighted residuals (CWRESs); and con-
dition number (�1,000) were used to choose suitable models during the
model-building process. A significance level of a P value of �0.01 was set
for comparison of OFVs for nested models using a chi-squared distribu-
tion.

One-, two-, and three-compartment models (ADVAN-1, -3, and -11)
with zero-, first-, and mixed-order absorption were tested. A transit com-
partment model for absorption, previously used successfully for anti-in-
fective agents (23–25), was also tested given the significant variability in
the absorption phase. For the RIF/Des-RIF model, additional compart-
ments for Des-RIF were added after the structure of the RIF model was
obtained. After the model structure was established, interindividual vari-
ability (IIV) and correlations between IIV terms were estimated, where
supported by the data. To enable comparison of the plasma and DBS data,
an additional parameter was included to enable estimation of the differ-
ence in each fixed and random parameter for the DBS model. The addi-
tion of a relative bioavailability parameter was also tested for each analyte.
Finally, relationships between model parameters and age, albumin level,
hematocrit value, and creatinine clearance rate were assessed through
inspection of scatterplots and box plots of eta versus the covariate and
subsequently evaluated with NONMEM. A stepwise forward-inclusion-
and-backward-elimination method was used, with a P value of �0.05
being required for the inclusion of a covariate relationship and a P value of
�0.01 being required to retain a covariate relationship.

FIG 6 (A) Time-concentration profile of fusidic acid (milligrams per milliliter) for dried blood spot-derived (open circles and dashed line) and measured (closed
circles and solid line) plasma concentrations (data points are artificially separated to aid comparison). (B and C) Normalized VPC for dried blood spot (B) and
plasma (C) concentrations demonstrating the 10th, 50th, and 90th percentiles with the actual data (solid and dashed lines) within their respective 95% prediction
intervals (gray-shaded areas).
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Model evaluation. A bootstrap analysis using Perl speaks NONMEM
(PSN) with 1,000 samples was performed, and the parameters derived
from this analysis were summarized as median and 2.5th and 97.5th per-
centiles (95% empirical confidence interval [CI]) to facilitate evaluation
of final model parameter estimates. In addition, prediction-corrected vi-

sual predictive checks (pcVPCs) were performed with 1,000 data sets sim-
ulated from the final models by using PSN. The observed 10th, 50th, and
90th percentiles were plotted with their respective simulated 95% CIs.
Numerical predictive checks (NPCs) were performed to complement the
pcVPCs in assessing the predictive performance of the model. For FUS

FIG 7 Goodness-of-fit plots for fusidic acid plasma (A) and dried blood spot (B) concentrations.
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and Des-RIF, VPCs included the simulated median and 80% prediction
interval for the fraction of below-the-LOQ (BLQ) data at each time point
given that each contained �10% BLQ data (26).

RESULTS
Subject characteristics. Seven male and three female volunteers
were recruited. Their median (range) age, body mass index, he-
matocrit value, and serum creatinine level were 28 (26 to 47) years,
23.3 (19.5 to 32.3) kg/m2, 0.445 (0.39 to 0.49), and 85 (66 to 104)
�mol/liter, respectively.

Assay validation. The calibration curves for the plasma assays
for all drugs were accurate (r2 � 0.99). Chromatograms are pro-
vided in the supplemental material. The LOQ and LOD values for
both plasma and DBS assays are shown in Table 2. Matrix effects,
process efficiency, absolute recovery, intraday variation, interday
variation, and accuracy for plasma and DBS assays are shown in
Tables 3 and 4. Changes in hematocrit values from 0.28 to 0.64 did
not have a significant impact on the matrix effect, process effi-
ciency, or recovery of drugs from DBSs (data not shown).

Thermal stability for CIP and RIF in DBSs at 35°C, 21°C, and
4°C is shown in Fig. 1. All drugs showed negligible degradation
after 1 month at �20°C (data not shown). The duration of cipro-
floxacin stability exceeded 1 month at all temperatures, with �2%
degradation after 1 month at 35°C and 21°C (data for degradation
at 4°C were inconclusive but indicate �4% degradation after 1
month). The t95 values for RIF at 35°C, 21°C, and 4°C were 7 days,
26 days, and �3 months, respectively. The t95 values for FUS at
35°C, 21°C, and 4°C were 10 days, 12 days, and �3 months, re-
spectively.

The relationships between plasma concentrations and whole
blood taken directly from finger prick samples onto filter paper
with their associated Bland-Altman plots for each of the four
drugs are shown in Fig. 2. Plasma concentrations correlated well
with DBS concentrations in samples taken directly from the finger

(rs � 0.97, 0.92, 0.96, and 0.98 for RIF, Des-RIF, CIP, and FUS,
respectively). DBS concentrations from mixed capillary blood col-
lected into a heparinized capillary tube and directly from the fin-
ger onto filter paper were also highly correlated (r � 0.97). The
slopes (95% CIs) of the linear regression lines for unadjusted DBS
concentrations in samples collected directly from the finger were
0.90 (0.85 to 0.94), 0.97 (0.02 to 1.03), 1.12 (1.07 to 1.18), and 0.96
(0.93 to 0.99) for RIF, Des-RIF, CIP, and FUS, respectively.

Pharmacokinetic modeling. One participant, a healthy 26-
year-old woman, had a different concentration-time profile than
those of the other participants, with delayed absorption for each of
the drugs (Fig. 3). This was attributed to the fact that she had been
recruited during a night shift and consequently had her drugs and
sampling schedule late in the evening and in the early hours of the
next morning (27). As a result of her discordant data, she was
subsequently excluded from PK analyses. For the remaining 9 in-
dividuals, there were 54 individual plasma and DBS concentra-
tions available for analysis for each drug. There were 2%, 13%,
6%, and 22% of data points that were BLQ for CIP, FUS, RIF, and
Des-RIF, respectively.

For FUS and RIF, a single-compartment model was sufficient
to represent the concentration-time data, while CIP and Des-RIF
were better modeled with two compartments, with significant im-
provements in the OFV (P � 0.01) and reductions of the bias
evident in goodness-of-fit plots. All models performed signifi-
cantly better with the use of a transit compartment model (P �
0.01). Final model results for CIP, FUS, and RIF/Des-RIF are pre-
sented in Tables 5 to 7, respectively.

pcVPCs and goodness-of-fit plots, respectively, are shown in
Fig. 4 and 5 for CIP, Fig. 6 and 7 for FUS, Fig. 8 and 9 for RIF, and
Fig. 10 and 11 for Des-RIF. Given that the observed fraction of
BLQ data fell within the simulated 95% CI for FUS and Des-RIF, a
more complex method to deal with these data was not utilized.

FIG 8 (A) Time-concentration profile of rifampin (milligrams per liter) for dried blood spot-derived (open circles and dashed line) and measured (closed circles
and solid line) plasma concentrations (data points are artificially separated to aid comparison). (B and C) Normalized VPC for dried blood spot (B) and plasma
(C) concentrations demonstrating the 10th, 50th, and 90th percentiles with the actual data (solid and dashed lines) within their respective 95% prediction
intervals (gray-shaded areas).
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Most of the resultant pharmacokinetic parameters were not
significantly different between plasma and DBS samples. How-
ever, the central volume of distribution of CIP was 21% lower for
DBS samples, with 53% higher residual variability (P � 0.032 and

0.024, respectively). Statistical differences in clearance and the
central volume of distribution for RIF were also identified, which
were 18% and 15% higher than the plasma values (P � 0.01),
respectively. There was a small difference in the mean transit time

FIG 9 Goodness-of-fit plots for rifampin plasma (A) and dried blood spot (B) concentrations.
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for FUS (9%; P � 0.03). The addition of a relative bioavailability
term did not improve any of the three models.

DISCUSSION

The present data show that CIP, FUS, RIF, and Des-RIF can be
accurately quantified in DBSs, and this approach can therefore be
used as surrogate for measuring plasma concentrations in PK and
PK/PD studies. The potential effects of sample hematocrit, red cell
partitioning, assay sensitivity, and temperature stability were as-
sessed and either were noninfluential or could be incorporated as
variables in the calculation of DBS-predicted plasma concentra-
tions and PK parameters.

The majority of the population PK parameters for CIP, FUS,
RIF, and Des-RIF were not significantly different in compari-
sons of plasma and DBS-predicted plasma concentrations.
There were few differences in estimates of structural model
parameters (CL/F, VC/F, Q/F, and VP/F) and in estimates of
population variability (IIV for CL/F and VC/F). The only ex-
ceptions to this were the VC/F values of CIP and RIF, which
were 21% lower and 19% higher, respectively, for DBS samples.
The CL/F of RIF was 17% higher, and the mean transit time of
FUS was 9% higher. It is unlikely that these relatively minor
differences would contribute to clinically meaningful differ-
ences in the PK/PD parameters of interest.

When measures of overall antibiotic exposure such as the
AUC/MIC ratio or time above the MIC are used to predict clinical
outcome, assay sensitivity is less of a concern than in formal PK
and toxicology studies. In this case, the LOQ and LOD for all drugs
measured in DBSs were close to, or below, 0.1 mg/liter. This rep-
resents a value that is an order of magnitude lower than previously
reported susceptibility breakpoints of rifampin for staphylococci
and Mycobacterium tuberculosis and of ciprofloxacin for staphylo-
cocci (all 1 mg/liter) (28). These considerations suggest that the

LOQ and LOD for our DBS assay are acceptable for PK and clin-
ical PK/PD studies.

DBS-predicted plasma concentration-time profiles and PK pa-
rameters derived from population PK analyses in our healthy vol-
unteers were also consistent with previously reported data from
population PK models for CL/F and VC/F, with comparable IIV
and RV. As an example, the CL/F value for RIF in our study (7.6
liters/h) accords well with other PK models with reported CL/F
values of 8.1 to 19.2 liters/h (13, 29–31). Similarly, the VC/F value
of 40.6 liters is consistent with estimates reported in other studies
(16 to 53 liters) (13, 29–31). Taken together, these data provide
reassurance that by using validated adjustments between plasma
and DBSs, the results accord with those of other population PK
models and will not impact future studies of optimal dosing strat-
egies.

Studies incorporating DBS sampling have many advantages
over conventional PK protocols. Repeated low-volume sam-
ples can be collected with minimal processing, thus overcom-
ing ethical concerns associated with the volume of blood taken
from young children and allowing recruitment of subjects in
resource-limited or ambulatory settings where laboratory
equipment such as a centrifuge and deep-freezer storage are
not available. Furthermore, our thermal stability data indicate
that DBSs with this set of antibiotic samples do not have to be
transported or assayed promptly. For the purposes of this
study, we considered t95 a stability threshold. In the present
study, all three drugs were stable at ambient room temperature
for at least 10 days and were stable under refrigeration condi-
tions for at least 1 month. This provides reassurance that the
DBSs can be air dried at room temperature for 1 to 2 h and
stored in desiccant-containing sealed plastic bags before being
transported to a central laboratory for cold storage at �80°C
for much longer periods prior to assays.

FIG 10 (A) Time-concentration profile of desacetyl rifampin (milligrams per liter) for dried blood spot-derived (open circles and dashed line) and measured
(closed circles and solid line) plasma concentrations (data points are artificially separated to aid comparison). (B and C) Normalized VPC for dried blood spot
(B) and plasma (C) concentrations demonstrating the 10th, 50th, and 90th percentiles with the actual data (solid and dashed lines) within their respective 95%
prediction intervals (gray-shaded areas).

Knippenberg et al.

4952 aac.asm.org August 2016 Volume 60 Number 8Antimicrobial Agents and Chemotherapy

http://aac.asm.org


The present study had limitations. First, one participant’s
data were excluded, as her drug concentration profile differed
markedly from those of the other participants, probably be-
cause of the fact that she had been recruited during a night shift
and consequently had her drugs and sampling schedule late in
the evening and in the early hours of the next morning. This

was a timely reminder that delayed gastric emptying in the
evening can cause circadian time-dependent PK (27) and that
similar studies should generally be performed at the same time
of the day where possible.

Our detailed approach to laboratory-based and clinical valida-
tion of DBSs for PK studies in this and a recent study (32) supports

FIG 11 Goodness-of-fit plots for desacetyl rifampin plasma (A) and dried blood spot (B) concentrations.
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the use of this method for research and therapeutic drug monitor-
ing in a variety of health care settings. Staff training is straightfor-
ward, disposables are relatively inexpensive, and the essential
equipment required at a field site is modest.
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